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ABSTRACT

Author: Lugar, Drew, W. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Heat Stress and In Utero Heat Stress: Effects on Boar Reproduction and the Efficacy of
Nutritional Mitigation
Committee Chair: Dr. Kara Stewart
With the majority of commercial swine farms utilizing artificial insemination, reproductive
efficiency is a primary focus of producers and researchers. Boar reproduction specifically, can
have a major impact on the overall reproductive efficiency of the swine industry. Heat stress has
a negative effect on the swine industry. In growing pigs it causes reduced growth, in sows
reduced fertility, and in boars it causes reduced sperm production and quality. In addition, more
recent studies have implied that gestational (in utero) heat stress (IUHS) can add insult to injury,
resulting in further reductions in animal growth and reproduction. However, very little emphasis
has been placed on the effects of IUHS on postnatal boar reproduction. If IUHS further reduces
boar reproduction, the consequences of heat stress are far more damaging than initially
estimated. With this in mind, researchers and producers have been investigating methods to
mitigate heat stress on animals. Some of these methods include sprinklers and cooling pads, but
others focus on mitigating heat stress with nutritional modifications. Based on these findings,
experiments were conducted to further investigate the effects of heat stress with an emphasis on
the effects of in utero heat stress on boar reproduction and the efficacy of nutritional strategies to
mitigate the negative effects of heat stress on boar reproduction. Boars that were heat stressed in
utero were reared and studied through postnatal development and into adulthood. These boars
produced less sperm than their in utero thermoneutral (IUTN) conspecifics. Additionally, they
may be more adapted to maintain sperm quality during postnatal thermal challenge than IUTN

x
boars. Betaine has been studied as a stress mitigant in many species and situations. Phytase on
the other hand is generally added to diets to improve nutrient digestibility but may also play a
role in heat stress mitigation. A study was conducted to determine the effect of betaine and a
combination of betaine and phytase on boar reproduction during and after a heat stress event.
While sperm production, motility and percentage of morphologically normal sperm were not
impacted by betaine or betaine with phytase, these diets appeared to better prevent sperm
morphological abnormalities during and immediately after heat stress compared to control boars.
This study utilized a mild heat stress, which may have concealed the impacts of these
supplements on semen quality. Additionally, the study was conducted in the fall and it is possible
that the boars were acclimatized to the heat stress. Vitamins have also been long studied for their
antioxidant capabilities, specifically vitamins C and E. Vitamin D plays a major role in
metabolism and may also have a role as a heat stress mitigant. A study was conducted on a
commercial boar stud during the summer months to determine the impacts of these vitamins on
semen quality. This study did not observe any major effects of diet on semen quality in boars.
The barn temperatures in this experiment were extremely mild due to the cool-cell system used.
However, reductions in semen quality were still observed overall throughout the duration of the
study, suggesting a seasonal effect. We have hypothesized two potential causes of this effect.
One possible explanation is that the boars have a reduced upper critical temperature, which may
have been a result of intensive genetic selection. Alternatively, it has been suggested that pigs
are seasonal breeders and the effects seen in this study may have been a result of this seasonality
that was affected by something other than temperature. Overall, these studies have resulted in
the need for further research in the areas of IUHS in boars and further investigation into the
upper critical temperature in modern day boars.
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LITERATURE REVIEW

1.1

INTRODUCTION
Reproductive efficiency is a concern in the swine industry, as it can have a major impact

on producer profitability. The swine industry has moved to over 90 percent artificial
insemination, which has shifted the primary focus of producers and researchers to the
reproductive efficiency of the female. However, boar reproductive performance has a major
impact on reproductive efficiency at the sow farms. Though the semen dilution process has
significantly improved over the years, the boar stud industry still faces many challenges and has
room for improvement. One of these challenges arises during the summer months where heat
stress (HS) causes a reduction in sperm production and quality. This seasonal effect is not only
detrimental to adult boar reproductive performance but may also impact the future reproductive
performance of boars that are in utero.
Heat stress causes animals to alter their normal behavior and physiology to maintain their
internal core body temperature, resulting in decreased growth and reproductive performance.
Boar testes are particularly sensitive to elevated ambient temperatures due to their non-pendulous
scrotum. Elevated testicular temperature results in a significant reduction in viable sperm
production (McNitt and First, 1970; Wettemann et al., 1976; Stone, 1982; Ciereszko et al., 2000;
Smital, 2009).
Little is known about the impacts of in utero heat stress (IUHS; gestational heat stress)
on postnatal reproductive performance in boars. In utero heat stress in growing pigs has been
reported to hinder postnatal growth performance and alter postnatal metabolism (Johnson et al.,
2015a; Chapel et al., 2017). Additionally, studies on in utero stress have reported altered
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reproductive behaviors in mice and rats (Rhees and Fleming, 1981; Politch and Herrenkohl,
1984), and reduced testis size in postnatal pigs and mice (Ashworth et al., 2011; Desaulniers et
al., 2016). The impacts of HS and IUHS have placed increased pressure on producers and
researchers to mitigate these effects. One area of research is focusing on the efficacy of
nutritional mitigation strategies to alleviate the impacts of HS on livestock.
Betaine has been used as a feed additive in swine and other species to alleviate the effects
of HS on growth and reproduction, however little research has been conducted in boars. Phytase,
the enzyme that breaks down phytate, has been shown to improve sperm production in boars
(Stewart et al., 2018) and may have a role in HS mitigation, along with betaine. Antioxidants
have been used to improve semen production in boars and have proven effective during times of
stress. Vitamin E and selenium, for example, have been shown to improve sperm quality and
increase sperm concentration in boars (Brzezińska-Ślebodzińska et al., 1995; Marin-Guzman et
al., 1997). Vitamin C (another antioxidant) has been shown to improve fertility when
supplemented in boar diets (Ivos et al., 1971). While the exact roles of vitamin D are still being
investigated, it has recently been shown to improve sperm quality in boars (Lin et al., 2017).

1.2
1.2.1

BOAR REPRODUCTION
SPERM PRODUCTION
The testis is compartmentalized with a tubular space (seminiferous tubules) and

interstitial space (Pinart et al., 1999). Leydig (interstitial) cells are located in the interstitial
compartment and are primarily responsible for testosterone production (Ancel and Bouin, 1903;
Van Straaten and Wensing, 1978; Pinart et al., 1999). Peritubular myoid cells surround the
basement membrane, which acts to separate the two compartments, aid in regulation of
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spermatogenesis through testosterone, which is the production of spermatozoa from
spermatogonia, and have contractile characteristics (as reviewed by Maekawa et al., 1996).
Within the basement membrane, inside the tubular compartment or seminiferous tubule,
lie the spermatogonia and Sertoli cells (Pinart et al., 1999). The Sertoli cells act as the major
modulator of spermatogenesis, regulate spermatogenesis, support the developing sperm cells,
and form a tight junction barrier known as the blood testis barrier (as reviewed by Franca et al.,
2005). This barrier prevents the attack of immune cells on the developing sperm (Setchell et al.,
1969; Dym and Fawcett, 1970). The spermatogonia that lie along the basement membrane are
known as type A spermatogonia (Frankenhuis et al., 1982). These cells will undergo the process
of mitosis and are capable of cell division and self-renewal (Frankenhuis et al., 1982). The
differentiating spermatogonia begin to migrate towards the lumen of the seminiferous tubule as
the mitotic cell divisions continue to occur (Frankenhuis et al., 1982). Eventually, type B
spermatogonia are produced and undergo the final round of mitosis to produce the primary
spermatocytes (Frankenhuis et al., 1982). These cells will begin the process of meiosis and will
migrate through the tight junctional complexes that form the blood testis barrier (Russell, 1977).
The first round of meiosis generates secondary spermatocytes, and the second-round forms
spermatids or round spermatids (Frankenhuis et al., 1982). Throughout this process, the
developing and dividing germ cells have an incomplete cytokinesis and are connected by
cytoplasmic bridges (Weber and Russell, 1987).
The round spermatids will not divide, but instead undergo a process of maturation called
spermiogenesis. In this process, the spermatids develop an acrosome (important for fertilization),
develop a flagellum (tail for movement), lose most of their organelles and cytoplasm (except
mitochondria), and develop an elongated and spatulated nucleus (Courtens and Loir, 1981).
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Spermiation is the release of these newly formed spermatozoa into the lumen of the seminiferous
tubule. During spermiation, the cytoplasmic bridges break, leaving a small remnant of the
cytoplasm near the sperm head in the form of a droplet (Kaplan et al., 1984). The spermatozoa
will migrate through the seminiferous tubule, rete testis and efferent ducts into the epididymal
duct of the epididymis.
In the epididymis, the sperm will slowly acquire the ability to fertilize an egg due to
changes within the spermatozoa and on the surface, along with the acquisition of motility
(Dacheux and Paquignon, 1980). Additionally, the cytoplasmic (proximal) droplet will migrate
distally down the tail of the spermatozoa and be eliminated as the spermatozoa are transported
through the epididymis and through the remainder of the reproductive tract during ejaculation
(Kaplan et al., 1984). In the boar, the process of spermatogenesis takes approximately 39-41 days
(Franca and Cardoso, 1998; Almeida et al., 2006). Epididymal transport of the spermatozoa take
an additional 10 days (Swierstra, 1968).
1.2.2

TESTICULAR THERMOREGULATION
Spermatogenesis is a heavily controlled and sensitive process that is essential for the

propagation of boar genetics. Elevated testicular temperatures can have a major impact on this
process, however mammals have evolved mechanisms to maintain proper testicular temperature.
The testes are housed externally in the boar within a non-pendulous scrotum and are designed to
remain 2 to 6°C cooler than the body temperature of the boar (as reviewed by Stone, 1981). The
first line of thermal defense in the boar is the scrotum itself. The scrotal skin of the boar is
equipped with apocrine glands that secrete sweat (McNitt et al., 1972). The second line of the
thermal defense, and probably the most important, is the pampiniform plexus in the spermatic
cord. This system is comprised of the convoluted testicular artery that is closely surrounded by
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the pampiniform plexus, which is composed of the testicular veins and venules in a mesh-like
network surrounding the artery (Free and Jaffe, 1975; Rerkamnuaychoke et al., 1991). This
system not only allows for the recycling of testosterone and other steroids (Rerkamnuaychoke et
al., 1991), but also plays a role in the countercurrent exchange of heat between the testicular
artery and veins (Waites and Moule, 1960). This countercurrent heat exchanger functions to cool
arterial blood and warm venous blood that is returning to the body. The cremaster muscle is a
striated muscle that is located in the spermatic cord, surrounding the pampiniform plexus. This
muscle is thought to regulate the blood flow in the pampiniform plexus and can raise and lower
the testes for brief periods of time (as reviewed by Kastelic et al., 1997). Lastly, the tunica
dartos muscle located beneath the scrotal skin acts to control the position of the testes in relation
to their proximity to the body (as reviewed by Kastelic et al., 1997).

1.3

HEAT STRESS
There has been a growing concern in the last decade for the consequences of HS on

animal productivity due to global climate change. This is especially true for the swine industry,
where the effects of HS on reproduction are seen in both males and females in the breeding herd.
Heat stress is defined as the increase in an animal’s core body temperature above their upper
critical limit caused by environmental conditions. Heat stress causes a change in the animal’s
normal behavior and/or physiology in order to cope with HS and maintain their internal body
temperature. Heat stress can cause a significant decrease in the reproductive efficiency in swine
herds, specifically in the summer months, when both ambient temperature and humidity are
elevated. These effects are observed months later in reduced sperm production and sow
farrowing rates.
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1.3.1

PHYSIOLOGICAL EFFECTS
Heat stress causes a cascade of events altering normal physiology of animals. These

changes are caused by the disruption and elevation of the animal’s core body temperature. The
normal body temperature of a pig is about 38°C, however when ambient temperatures increase
above their upper critical limit (ambient temperature of 21-23°C for sows and boars), HS ensues
(Huynh et al., 2005; Patience et al., 2005). As the ambient temperature approaches the upper
critical limit, the pig expresses avoidance behaviors in order to minimize the impacts of the
stress, but when these behavioral changes are ineffective, a physiological response is observed.
Behavioral changes include, seeking shade, reduced activity, and reduced feed intake during the
warmer portions of the day. Oftentimes in commercial production, these behaviors are
minimized and thus ineffective, and HS results in significant disruptions to the growth and
metabolism in the animals.
1.3.1.1 Stress Response and its Effects
When the temperature exceeds the upper critical temperature, an autonomic response is
initiated by sending signals to the hypothalamus stimulating the sympathetic nervous system.
The sympathetic nervous system then stimulates the adrenal medulla, causing the release of
catecholamines. These catecholamines act to increase heart rate, respiration rate, and cause
vasodilation. The hypothalamus also secretes corticotropin releasing hormone, which stimulates
the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary.
Adrenocorticotropic hormone stimulates the adrenal cortex to secrete glucocorticoids, such as
cortisol, which further acts to alter the metabolism in order to maintain a thermoneutral body
temperature (as reviewed by Terrien et al., 2011).
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The initial physiologic response of the pig to HS is an elevated respiration rate. Increased
respiration rate, seen as panting in the pig, enhances evaporative heat loss, which is critical in the
pig due to inefficient sweat glands (Marple et al., 1974; Wettemann et al., 1976; Wettemann et
al., 1979; Huynh et al., 2005; Patience et al., 2005; Pearce et al., 2013a; Pearce et al., 2014; Sanz
Fernandez et al., 2015). Huynh et al. (2005) investigated the effects of humidity on HS in pigs
and showed that the critical temperature that results in an increased respiration rate was 2°C
lower for pigs subjected to HS with 80% humidity when compared to 50% humidity. The
decrease in critical temperature is caused by inefficient evaporative heat loss due to the elevated
relative humidity. Elevated respiration rates have also been shown in sheep and goats subjected
to HS (Hales, 1973; Sivakumar et al., 2010). Hales (1973) reported that with mild HS, sheep
show rapid shallow breathing (panting), which was also seen initially with severe HS but was
followed by slower, deeper breathing. The change in respiration is followed by an increased
heart rate (Marple et al., 1974) and, in turn, increased blood pressure (Patience et al., 2005).
Increased blood pressure causes an increase in blood flow throughout the body, acting as another
mechanism for heat loss (Patience et al., 2005). Hales (1973) reported that sheep with mild HS
had an increased blood flow to the respiratory muscles and a decreased blood flow to the nonrespiratory muscles. This study also reported that with severe HS, sheep had an increased blood
flow to both respiratory and non-respiratory muscles. Additionally, Hall et al. (2001) reported a
decreased blood flow to the viscera in rats that were heat stressed. Decreased blood flow to the
intestines, due to increased blood flow to the respiratory and peripheral tissue, results in damage
to the intestinal tract (Hall et al., 2001). When cooling mechanisms like increased blood flow to
the periphery and increased respiration rate fail, the result is an increase in internal body
temperature. This has been shown in many studies and is generally reported as an increase in
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rectal temperature during HS in pigs (Pearce et al., 2013a; Pearce et al., 2013b; Pearce et al.,
2014; Sanz Fernandez et al., 2015).
Changes in respiration rate and blood flow result in changes in blood chemistry and acidbase balance. Sandercock et al. (2001) reported that broilers under acute HS have increased
plasma creatine kinase activity, which is involved in the regulation of Ca2+ movement in muscle
membranes and can be indicative of myopathy. Sivakumar et al. (2010) showed a decrease in
plasma hemoglobin, which is responsible for oxygen and carbon dioxide transport in the blood in
goats. The authors hypothesized that the decrease in hemoglobin from HS was due to either
increased cell damage from free radicals (reactive oxygen species) in the blood or due to a lack
of nutrients needed to produce hemoglobin because of “off-feed” events. It is likely that a
combination of the two hypotheses is responsible for the decreased hemoglobin levels, though
hyperthermia (HS) has been shown to increase the concentration of reactive oxygen species in
the blood and may be slightly favored (Hall et al., 1994; Hall et al., 2001). In goats, Sivakumar et
al. (2010) also demonstrated that HS causes reduced plasma vitamin E and C concentrations
(known antioxidants), along with a reduction in antioxidant activity. Free radicals are produced
as a consequence of aerobic metabolism and cause cell damage, particularly through cell
membrane damage. Free radicals are normally removed by circulating antioxidants such as
vitamin E and C. The study by Sivakumar et al. (2010) suggests that the reduction in antioxidant
activity caused by HS leads to increased levels of free radicals in the blood, potentially causing
tissue damage throughout the body. With diurnal HS in pigs, Patience et al. (2005) reported
reduced blood osmolarity in HS pigs compared to thermoneutral (TN) pigs. In this study, the
authors explained that this could be caused from electrolyte loss or the gaining of water, where
HS pigs drank more water than control pigs.
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Concentrations of hormones in the blood are also changed due to HS. Classic stress
hormones, such as cortisol and ACTH, have been reported to be increased in HS pigs (Marple et
al., 1974) and goats (Sivakumar et al., 2010). Prolactin, a hormone that is also indicative of
stress, has been shown to be at greater concentrations in HS goats (Sivakumar et al., 2010) and
pigs (Sanz Fernandez et al., 2012) compared to their TN counterparts. Thyroid hormones (T3
and T4) may play a role in metabolic heat production in animals and studies have shown
reductions in plasma thyroid hormone concentrations in goats (Sivakumar et al., 2010) and in
pigs (Patience et al., 2005). This reduction suggests that the animals are attempting to reduce the
metabolic heat production.
Blood pCO2 levels decrease with HS due to increased respiration rates in pigs (Marple et
al., 1974; Patience et al., 2005), broilers (Sandercock et al., 2001), and goats (Sivakumar et al.,
2010). Patience et al. (2005) showed that with diurnal HS, the increased respiration rate (panting)
caused an increase in alveolar ventilation, resulting in increased blood pO2. However, only a
slight decrease in pCO2 was observed in the early evenings. In this study, pigs were exposed to
mild HS during the daytime and were allowed to cool overnight. The authors hypothesized that
the cool temperatures overnight allowed the pig to maintain proper pCO2 levels overnight and
through most of the day. Increased pO2 has also been seen in goats subjected to HS (Sivakumar
et al., 2010). Changes in carbon dioxide and oxygen levels play an important role in the acidbase balance of blood. Bicarbonate levels in blood have been shown to decrease in response to
HS in pigs (Patience et al., 2005) and in goats (Sivakumar et al., 2010). Decreased levels of
bicarbonate caused by the increased expiration of CO2 results in a change in the normal acidbase balance of the blood, leading to alkalosis. This has been shown by an increased pH in
broilers (Sandercock et al., 2001) and in goats (Sivakumar et al., 2010). Patience et al. (2005) did
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not report a significant change in blood pH in pigs subjected to diurnal HS. However, the authors
did report a decrease in urine pH, and suggested it was caused by a compensatory mechanism of
the renal system preventing alkalosis.
1.3.1.2 Nutrition and gut physiology
As previously mentioned, one of the first indications of HS is a reduction in feed intake,
which has been reported in numerous studies (Liu et al., 2009; Baumgard and Rhoads, 2012b;
Pearce et al., 2013a; Pearce et al., 2013b; Pearce et al., 2014; Sanz Fernandez et al., 2015). This
reduced feed intake results in a negative energy balance in the animals. Patience et al. (2005) did
not report a reduced feed intake when pigs were heat stressed in a diurnal manner. Instead, these
researchers observed that in diurnal HS, pigs eat less feed during the day, but compensate
overnight, indicative of avoidance behavior. Heat stressed pigs also have an increased water
intake compared to TN pigs (Patience et al., 2005). The longstanding dogma surrounding
reduced performance during HS has focused on the reduced feed intake as the main culprit
(Collin et al., 2001). One model to investigate the effects of HS is to utilize a HS and pair-fed
thermoneutral (PFTN) treatment, to distinguish between the direct effects of HS and the indirect
effects caused by the negative energy balance of reduced feed intake. In this model, the PFTN
animal is paired with a HS animal and is only allowed to eat the same amount as the HS animal.
Interestingly, Pearce et al. (2013a) utilized this model and reported that PFTN pigs lost more
weight than the HS pigs. The negative energy balance associated with “off-feed” events alters
the efficiency of the intestinal tract and results in physiological changes throughout the body.
Decreased blood flow to the intestines has been shown to cause hypoxia, leading to the
production of reactive oxygen species (Hall et al., 2001). These reactive oxygen species then
damage the cells of the intestine and throughout the body. Heat stress has been shown to cause
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reduced villus height and crypt depth of intestinal enterocytes compared to TN pigs, presumably
due to the damage caused by reactive oxygen species (Liu et al., 2009; Pearce et al., 2013c).
Additionally, the tight junction associated protein, zonula occluden-1, has been shown to be
reduced during heat stress in vitro (Dokladny et al., 2006). The down regulation of tight junction
related proteins leads to increased intestinal permeability, known as leaky gut (Pearce et al.,
2013c). Heat stressed pigs and PFTN pigs have been shown to have increased endotoxin and
lipopolysaccharide levels compared to TN pigs, demonstrating increased enterocyte permeability
in pigs (Pearce et al., 2013c). Though this response does not appear to be directly caused by heat
stress, it is indirectly caused by the reduced plane of nutrition of which HS pigs are subjected to.
Pearce et al. (2013a) showed that the HS causes hyperinsulinemia in pigs compared to
PFTN pigs. However, Sanz Fernandez et al. (2015) did not report an effect of HS on insulin
levels, but instead showed that C-peptide (a product from the cleavage of insulin from
proinsulin) was increased in HS pigs compared to PFTN pigs. Insulin is a potent regulator of
lipolysis and is likely increased to “spare” glucose in the HS animals (Pearce et al., 2013a; Sanz
Fernandez et al., 2015). Heat stressed pigs also have a reduced concentration of non-esterified
fatty acids in circulation compared to PFTN, which suggests that the pair-fed group was
mobilizing adipose tissue, whereas the HS group was not (Pearce et al., 2013a; Sanz Fernandez
et al., 2015). These authors suggested that the elevated insulin was likely inhibiting this
mobilization of adipose tissue in the HS groups. Additionally, increased glucocorticoids from the
stress response also stimulate lipogenesis and prevent the mobilization of adipose tissue. Not
only do HS animals have increased adipose tissue, they have also been shown to have increased
muscle catabolism compared to PFTN, as indicated by increased blood urea nitrogen and
creatine kinase activity (Sandercock et al., 2001; Pearce et al., 2013a). Overall, HS induces
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physiological changes in the animals in an attempt to maintain an isothermal internal
environment that result in a stress response which leads to increased respiration and heart rate,
alkalosis in the blood, “leaky gut,” and lipogenesis.
1.3.1.3 Male reproductive physiology
Along with the above mentioned physiologic responses to HS, male reproduction is also
severely altered due to elevated ambient temperature. Sperm are particularly sensitive to
temperature changes, which cause the evolution of many thermoregulation systems in the body
to moderate the temperature in the testis, such as the pampiniform plexus. The scrotum of the
boar contains many apocrine glands which are used for evaporative heat loss, another form of
testicular heat regulation, however they do not appear to increase in function during HS (McNitt
et al., 1972).
In boars, HS alters sperm morphology and production. However, there are generally no
changes in testicular or epididymal weight or size in boars during HS (Wettemann et al., 1976;
Malmgren, 1989; Malmgren and Larsson, 1989). Malmgren and Larsson (1989) investigated the
histology of boar testes during and after 100 hours of HS localized to the testes. This study
showed that boar testes had only minor alterations in histology immediately after the HS.
However, 10 d after the HS was removed, the testes had severe damage to the seminiferous
tubules to the point where the researchers could not distinguish the stage of spermatogenesis in
the tubule. At 20 d post HS, some tubules appeared normal, but approximately 40 percent of the
cells had structural abnormalities. By 40 d post HS, the tubules appeared to be normal and
comparable to controls. Therefore, it appears that the boar’s testicular histology is temporarily
altered in times of heat stress, though the effects are delayed, as would be expected based on the
progression of spermatogenesis.
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Testicular histology is not the only area of male reproduction impacted by HS.
Wettemann et al. (1976) reported a significant reduction in epididymal sperm reserves in HS
boars compared to control boars, which indicates that during HS, there is impaired
spermatogenesis. Though spermatogenesis is impaired with HS, the impact is not seen in
ejaculated semen until 2 to 6 weeks after the initial HS (McNitt and First, 1970; Wettemann et
al., 1976; Wettemann et al., 1979; Malmgren and Larsson, 1989). This delay is expected based
on the progression and timing of spermatogenesis, as previously described. McNitt and First
(1970) investigated this and saw that with a three-day HS, the sperm concentration was
significantly reduced from 28 to 56 d after the removal of the HS. Ikeda et al. (1999) reported
that this reduction in spermatogenesis is likely caused by oxidative stress resulting in germ cell
apoptosis. These researchers demonstrated that HS and reactive oxygen species can induce
apoptosis of the germ cells, HS stimulates increased peroxide levels in germ cells, and
antioxidants prevent this apoptosis during HS in a series of in vitro experiments on rat testicular
tissue. Specifically, it has been reported that the spermatocytes are the most vulnerable of the
developing germ cells to heat stress (Rockett et al., 2001; Zhu and Setchell, 2004). Malmgren
and Larsson (1989) observed that the primary spermatocytes were the most susceptible to
damage during HS and further reported significant reductions in the number of spermatids
produced, as well as increased acrosome damage in the resulting spermatozoa in the boar.
The increased susceptibility of the spermatocytes may stem from malfunctions in the
blood testis barrier, responsible for protecting the developing spermatocytes and spermatids from
the immune system of the body (Setchell et al., 1969; Dym and Fawcett, 1970). Cai et al. (2011)
demonstrated that HS causes a disruption in the tight junctional complexes that make up the
blood testis barrier between Sertoli cells of the seminiferous tubules. In these experiments, the
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researchers reported that mRNA concentrations of the proteins occludin and zonula occludens-1,
major components of tight junctional complexes, were significantly reduced shortly after HS.
Additionally, they demonstrated that the permeability of these tight junctions is increased due to
this downregulation of these proteins (Cai et al., 2011). This study suggests that HS disrupts the
tight junctions in the seminiferous tubules, like that in the enterocytes, exposing the developing
spermatocytes to immunological destruction. This destruction is a result of an immunological
attack due to the presence of "auto-antigens" on the primary spermatocytes that are beginning the
process of meiosis and remain on the subsequent developing spermatids and spermatozoa
(O'Rand and Romrell, 1977; Tung and Fritz, 1978). Further, it has been shown that spermatozoa
from HS mice that complete spermatogenesis have a reduced fertilizing ability compared to
spermatozoa from control mice (Yaeram et al., 2006), likely because their DNA in the sperm
cells is damaged (Banks et al., 2005).
Reduced sperm output caused by HS is accompanied with an increase in sperm
abnormalities, further reducing the reproductive efficiency in the boar. These sperm
abnormalities include: abnormal acrosomes/aged acrosomes, retention of proximal and distal
droplets, and tail abnormalities. It is hypothesized that these morphological abnormalities are
caused by oxidative damage to the sperm in the epididymis (Banks et al., 2005). Like the effect
of HS on spermatogenesis, the observation of these alterations are also delayed in ejaculated
semen (McNitt and First, 1970; Wettemann et al., 1976; Wettemann et al., 1979; Malmgren,
1989; Malmgren and Larsson, 1989). Normal sperm morphology observed in ejaculated semen is
significantly reduced at 2 wk after the HS and does not returned to normal until 5 to 7 wk after
the HS is removed (McNitt and First, 1970; Wettemann et al., 1976; Wettemann et al., 1979;
Malmgren, 1989). In combination with reduced total sperm production and the increase in sperm
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abnormalities, HS also results in a reduction in sperm motility (McNitt and First, 1970;
Wettemann et al., 1976; Wettemann et al., 1979; Malmgren, 1989). The combination of these
three parameters causes a reduced conception rate in sows inseminated with semen from HS
boars (Wettemann et al., 1976; Wettemann et al., 1979). Wettemann et al. (1976) also reported
an increased rate of embryonic loss by day 30 of gestation. While the majority of sperm
parameters are significantly impaired due to HS, not all aspects of male reproduction are
impacted. The volume of collected semen and gel weight are not impacted by HS in boars,
indicating that the accessory sex glands are not particularly vulnerable to HS (McNitt and First,
1970; Wettemann et al., 1976; Wettemann et al., 1979; Malmgren, 1989).

1.4

IN UTERO HEAT STRESS ON POSTNATAL REPRODUCTION
As previously discussed, heat stress impairs reproductive performance in animals by

altering behavior, which leads to physiological changes in the body. One animal that is
particularly vulnerable to heat stress is the pregnant female. Gestating females are growing
and/or maintaining body weight, as well as devoting nutrients towards the development of the
gestating offspring. Heat and other stressors during this time can have detrimental effects on the
dam, as well as on the developing offspring. Research suggests that the offspring developing
during times of in utero stress have permanent physiologic alterations.
1.4.1

POSTNATAL GROWTH AND PHYSIOLOGY
A study by Mack et al. (2014) utilized social stress in sows where two “companion” sows

were constantly penned together and a third “mixed” sow was moved between companion
groups between 37-58 d of gestation. Additionally, a group of “stable” sows was used as a
negative control and a group of sows injected with a glucocorticoid acted as a positive control.
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This study demonstrated that male offspring of sows injected with a glucocorticoid during
gestation had an increased preweaning mortality compared to offspring from control sows,
though female offspring mortality did not differ. Gestating rats subjected to a combination of
heat, light and restraint stress from days 14-21 (third trimester) had offspring that were lighter at
birth than offspring from control rats (Williams et al., 1998). Lay et al. (2008) reported that sows
injected with ACTH or that were handled roughly between 42-77 d of gestation did not disrupt
growth performance of piglets prior to weaning. Offspring of sows subjected to heat stress from
d 100 of gestation until 8 hours prior to parturition had no impact on piglet birth weight nor
weaning weight (Machado-Neto et al., 1987). In the study by Mack et al. (2014) offspring
weight at d 7, 14, and 21 did not differ, regardless of prenatal stress treatment.
During the growing phase of production, IUHS throughout the entire gestation length did
not impact body composition compared to in utero thermoneutral (IUTN) pigs, though liver
weights were reduced when pigs were at 30 kg of body weight (Johnson et al., 2015c). Full
gestation length IUHS did not impact growth performance in 15 wk old pigs (Johnson et al.,
2013). However, Mack et al. (2014) reported that male offspring of sows injected with a
glucocorticoid between 37-58 d of gestation weighed more at 160 d of age than offspring from
control sows. Additionally, Johnson et al. (2015b) demonstrated that IUHS pigs had increased
lipid accretion and decreased protein accretion during the finishing phase of production. Though
the results of growth rate and body weight are variable in in utero stressed offspring, possibly
due to the type of stress, timing of the stress, and intensity of the stress, it appears as though
some differences exist and that males may be particularly vulnerable to in utero stress.
Pigs that were subjected to IUHS in the first half of gestation had increased subcutaneous
fat and elevated insulin (Boddicker et al., 2014). When these IUHS pigs were exposed to
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chronic, postnatal HS, they also had a decreased longissimus dorsi area. Another study looking at
the impacts of postnatal HS on IUHS pigs demonstrated that full gestation length IUHS resulted
in a greater increase in rectal temperature during postnatal HS compared to IUTN pigs (Johnson
et al., 2013). Additionally, acute postnatal HS in IUHS pigs resulted in increased skin
temperatures compared to IUTN pigs and increased cumulative rectal temperatures, as measured
by the area under the curve for rectal temperature over time (Johnson et al., 2012). Johnson et al.
(2015d) demonstrated that regardless if IUHS occurred in the first half, second half or entire
gestation length, IUHS pigs had an elevated core body temperature in postnatal TN and HS
conditions. Pigs subjected to IUHS from 30-60 d of gestation had an increased fasting heat
production compared to IUTN pigs (Chapel et al., 2017). Therefore, pigs exposed to IUHS are
metabolically different than their thermoneutral counterparts in that they have a differential
partitioning of nutrients, though growth is generally not affected.
Cortisol and triiodothyronine concentrations were increased in piglets that were heat
stressed in utero compared to IUTN pigs (Machado-Neto et al., 1987; Chapel et al., 2017).
Serum globulin and immunoglobulin G (IgG) concentrations did not differ at birth, were reduced
in IUHS piglets compared to IUTN piglets from days 1-20 of postnatal life, and were not
different again at d 28 (Machado-Neto et al., 1987). Similarly, offspring of sows subjected to
daily restraint stress in the last 5 wk of gestation had reduced IgG at days 1 and 3, but had higher
concentrations of IgG at day 35 compared to offspring from control sows (Tuchscherer et al.,
2002). Additionally, this study showed that piglets from stressed sows had decreased lymphocyte
proliferation in response to mitogens; however, when subjected to a postnatal ACTH challenge at
35 d of age, the control piglets had a greater reduction in lymphocyte proliferation in response to
mitogens. This may indicate an improved response to postnatal stress in the in utero stressed
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piglets (Tuchscherer et al., 2002). Collectively, these studies indicate that immune function is
reduced early in postnatal life for in utero stressed animals, though they may be slightly more
tolerant to postnatal stress later on in life.
1.4.2

MALE POSTNATAL REPRODUCTION
Sows injected with ACTH during gestation gave birth to male piglets with shorter

anogenital distances than piglets from control sows and sows that were handled roughly in
gestation (Lay et al., 2008). Similarly, male rat pups from females subjected to a combination of
heat, light, and restraint stress in the last trimester of gestation had a shorter anogenital distance
than offspring from non-stressed females (Williams et al., 1998). Another study in mice reported
that mice subjected to IUHS had a reduced anogenital distance at birth, but those differences
were no longer present at weaning (Desaulniers et al., 2016). Interestingly, the removal of the
dam’s adrenal glands prevented this reduction in anogenital distance caused by either restraint
and heat stress or ACTH injections during gestation in rats (Chapman and Stern, 1978).
Anogenital distance is used as a measure of masculinization/feminization, where a shorter
anogenital distance in males indicates a feminization of those offspring. It is unknown what the
impacts to postnatal reproduction are from this “feminization” at birth, however anogenital
distance is regarded by some as marker of reproductive capability.
Politch and Herrenkohl (1984) investigated the effects of a combination of heat, light,
and restraint stress in the last trimester of gestation on postnatal reproductive characteristics in
rats and reported that male rats from stressed dams had a higher receptivity quotient, which
meant that they were more receptive to mounting by other males than control male rats. In a
similarly designed study, male rats had reduced reproductive behaviors, such as a reduced
percentage that were ejaculating, compared to control males (Rhees and Fleming, 1981). In
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another study with dams subjected to a combination of light, heat and restraint, male offspring
had a greater area of the sexually dimorphic nucleus of the preoptic area (SDN-POA) of the
brain at birth, which was significantly reduced by 20 and 60 d of age compared to control males
(Anderson et al., 1985). In this study, control males had a greater SDN-POA than control
females at 20 and 60 d of age, whereas prenatally stressed males had a similar area compared to
control females, suggesting a feminization of the brain in the prenatally stressed males
(Anderson et al., 1985). Restraint and light stress applied in the last trimester in rats resulted in
increased male fetus testosterone concentrations at d 17 of gestation, but significantly lower
testosterone on d 18 of gestation compared to fetuses of non-stressed rats (Ward and Weisz,
1980). These authors suggest that this shift in testosterone concentration late in gestation may be
responsible for the altered reproductive behavior in male rats that were stressed in utero, even
though no differences existed in pups after birth (Ward and Weisz, 1980).
Male piglets born to sows that were social stressed in mid-gestation had reduced
testosterone and estradiol concentrations, but had normal numbers of Leydig, Sertoli, or germ
cells present at 40 d of age (Ashworth et al., 2011). Similarly, male mice pups subjected to a
combination of heat, light and restraint stress in utero had similar testes weights compared to
control mice pups (Politch and Herrenkohl, 1984). However, Desaulniers et al. (2016) reported
that IUHS in mice resulted in reduced testes size. In this study, the IUHS occurred from d 8-18
of gestation (mid-late HS), compared to the Politch and Herrenkohl study which occurred from d
14-21 (late HS). In the mouse, testicular development begins around 12 d post-coitus with the
differentiation of Sertoli cells, and by d 13 the Leydig cells are secreting testosterone (as
reviewed by O’Shaughnessy and Fowler, 2011). Sertoli cells proliferate throughout fetal
development and are responsible for regulating the number of germ cells that develop in the
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adult (O'Shaughnessy and Fowler, 2011). The earlier timing of the HS in the study by
Desaulniers et al. (2016) may have resulted in an early disruption in the proliferation of the
Sertoli cells, leading to reduced testicular size in the postnatal mice. Though these IUHS mice
had reduced testicular size, the in utero treatment did not impact their fertility (Desaulniers et al.,
2016). Boars from sows that were stressed with heat and crowding from 32-82 d of gestation
were not different than control boars for testosterone concentration and libido, suggesting that in
utero stress did not impact pubertal development (Kattesh et al., 1979). However, the authors
suggest that sampling was taken after the boars had already hit puberty and were sexually
mature. In the pig, the development of the Sertoli and Leydig cells of the testes occurs around d
25-35 of gestation (Pelliniemi, 1975; Pelliniemi et al., 1979; van Vorstenbosch et al., 1982).
Additionally, Sertoli cells undergo most of their proliferation during gestation, with peak
proliferation occurring around 90 d of gestation (McCoard et al., 2003). In utero heat stress near
the differentiation and early proliferation of the Sertoli cells could have detrimental impacts on
postnatal boar reproduction.

1.5

NUTRITION ON REPRODUCTION AND HEAT STRESS
Heat stress has been shown to impair growth and reproductive performance of pigs in all

phases of production. Due to this, HS mitigation strategies have become a top priority for
producers and researchers alike. Some strategies to mitigate HS include airflow, wet flooring,
and the combination of airflow and wet flooring (Barbari and Conti, 2009), misting systems
(Bridges et al., 1992), and snout cooling and drip systems (McGlone et al., 1988). Additionally,
research has shown that floor cooling pads are capable of alleviating HS in pigs (Shi et al., 2006;
Maskal et al., 2018). While these systems have been shown to improve pig performance,
concerns for shoulder lesions and additional costs associated with these systems have producers
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and researchers investigating alternative strategies. One alternative strategy is focusing on
nutritional mitigation strategies that minimize the physiological effects of HS. Some examples of
these include macronutrients, antioxidants, as well as many other ingredients.
1.5.1

MACRONUTRIENTS
The major macronutrients that have been researched for the purpose of HS mitigation are

protein level, fiber content, and fat content in diets. The concept of feeding high energy diets
during heat stress is to compensate for the reduced feed intake of the animals. However,
McGlone et al. (1988) investigated the use of energy dense diets on lactating sows during HS
and reported that the high energy diets do not improve sow or piglet performance, which was
supported by earlier work (Shurson et al., 1986). Along a similar mindset, feeding high levels of
proteins or altered amino acid ratios to pigs in HS may prevent the myopathy seen in HS pigs.
However, Nair et al. (1983) reported that in both lean and obese adult humans, higher protein
diets cause an increase in the magnitude and duration of the thermic response after eating. This
could be detrimental during times of HS, and in animals could result in further reduced feed
intake. This led to the theory that feeding a low protein diet may improve performance by
decreasing the heat load of the animals. However, heat stressed pigs fed low protein diets and
low protein diets supplemented with crystalline amino acids did not perform differently than pigs
fed high protein diets during heat stress (Kerr et al., 2003). Additionally, low crude protein level
diets fed to sows during lactation did not improve sow performance, though the litters had a
slight improvement in weight gain (Johnston et al., 1999). In contrast, Spencer et al. (2005)
demonstrated that HS pigs fed low crude protein diets with a low fat content tended to grow
faster than pigs fed high protein with low fat content. Pigs fed high fat diets during heat stress
showed improved average daily gain and feed efficiency compared to pigs fed a low fat diet,
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which was more pronounced when fed high fat and high protein (Spencer et al., 2005). While
the lower protein content in diets may reduce the heat production in the animals, fat
supplementation has been shown to improve growth rate and energy utilization in growing, HS
pigs (Stahly and Cromwell, 1979). Sows fed a diet high in fiber in late gestation and lactation
had an increased feed intake (Schoenherr et al., 1989) and had improved litter weight gain
(Renaudeau et al., 2003).
1.5.2

ANTIOXIDANTS
Heat stress has many effects on the body, causing physiological changes affecting the

blood, gut and reproductive systems in animals. Heat stress has been shown to cause elevated
levels of reactive oxygen species and oxidative stress in multiple species (Hall et al., 2001;
Bernabucci et al., 2002; Mujahid et al., 2005). Reactive oxygen species further disrupt the
physiology of animals by lipid peroxidation of membranes, protein modifications, and DNA
modifications (Toyokuni, 1999). There is support that low levels of reactive oxygen species,
specifically superoxide, are required for reproductive processes like capacitation and
hyperactivation of sperm (de Lamirande and Gagnon, 1993). However, Padron et al. (1997)
reported that sperm motility was inversely related to the concentration of reactive oxygen species
in men with spinal injuries. Human sperm DNA damage has been positively correlated to the
concentration of reactive oxygen species in the ejaculate (Twigg et al., 1998; Barroso et al.,
2000). Heat stress has been shown to reduce antioxidant capabilities in cells, leading to increased
oxidative stress (Lord-Fontaine and Averill-Bates, 2002). In a review on oxidative stress and
male reproduction, Sikka (2001) suggested that the key to reproductive efficiency is a balance
between antioxidant capability and the production of reactive oxygen species. Due to the
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detrimental effects of elevated levels of reactive oxygen species and the reduced antioxidant
activity during times of HS, antioxidants have been the focus for nutritional mitigation of HS.
1.5.2.1 Vitamin E and Vitamin C
Vitamin E (α-tocopherol) is a fat-soluble vitamin that functions as a potent antioxidant by
acting as a hydrogen donor to reactive oxygen species (as reviewed by Yamauchi, 1997).
Vitamin C (ascorbic acid, ascorbate) is a water-soluble vitamin that also acts as a hydrogen
donor, functioning as a strong antioxidant (as reviewed by Bendich et al., 1986). Vitamin C and
E act as antioxidants by directly attacking or scavenging for reactive oxygen species (Niki et al.,
1984; Halliwell et al., 1987; Dwenger et al., 1992). Due to their antioxidant activity, vitamins E
and C have long been studied in reproductive physiology and, more recently as heat stress
mitigation strategies.
Mice subjected to testicular cadmium treatment (a cytotoxic chemical) had reduced lipid
peroxidation and improved semen quality when supplemented with vitamin C or vitamin E
(Acharya et al., 2008). Thawed canine semen diluted with vitamin E had improved post-thaw
rapid-steady-forward movement, however vitamin C did not show any improvement over control
samples (Michael et al., 2007). In that study, total reactive oxygen species was not impacted by
antioxidant supplementation. A study in male rats treated with homocysteine, a destructive
compound that can cause disease, showed improvement in antioxidant activity, increased
testosterone concentration, increased epididymal sperm concentration, and elevated epididymal
sperm motility when water was supplemented with vitamin C (Sönmez et al., 2007). Sonmez et
al. (2005) investigated the benefits of ascorbic acid (vitamin C) on a strain of high fertility rats
through drinking water and reported that lipid peroxidation in the testes was reduced in the
vitamin C supplemented rats. This study further reported that rats supplemented with vitamin C
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had increased epididymal concentrations of sperm and higher levels of testosterone than control
rats. Vitamin C supplementation in infertile men can improve sperm concentration, motility and
morphology (Akmal et al., 2006). In rainbow trout, vitamin C deficiency has been associated
with reduced sperm concentration and motility during the reproductive season, a time where
sperm are stored in the male for months (Ciereszko and Dabrowski, 1995; Ciereszko et al.,
1996).
In the boar, vitamin E has been shown to protect against peroxidation of fatty acids
(Brzezińska-Ślebodzińska et al., 1995). A series of thermoneutral experiments testing vitamin E
and selenium on boar reproduction reported that vitamin E slightly improved motility and sperm
morphology (Marin-Guzman et al., 1997), but had no impact on semen volume, concentration,
fertilization rate (Marin-Guzman et al., 1997), Sertoli or germ cell number (Marin-Guzman et al.,
2000a), acrosome or nuclei morphology, or sperm ATP concentrations (Marin-Guzman et al.,
2000b). These studies demonstrated that selenium is more crucial for boar reproduction than
vitamin E, though animal number was limiting. In one study investigating the supplementation
of high levels of vitamin E with selenium reported that the supplemented group had higher sperm
concentration, total sperm production, and percentage of sperm with normal acrosomes, and
fewer with morphological abnormalities compared to the unsupplemented control boars
(Kolodziej and Jacyno, 2005). This study was based on greater number of animals compared to
the Marin-Guzman studies (n = 20 per treatment vs n = 2-3 per treatment, respectively),
however, they could not distinguish which dietary additive (vitamin E or selenium) was
primarily responsible for the improved reproductive performance.
There is additional evidence to suggest that vitamin C replenishes vitamin E, converting
tocopherol radicals to the active, antioxidant α-tocopherol (Packer et al., 1979), which suggests
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that the combination may provide added benefits during times of HS, though the results of such
work is variable. Yousef et al. (2003), supplemented drinking water with vitamin C, vitamin E
and their combination and reported that all three treatments improved semen quality and
decreased reactive oxygen species in rabbit bucks. However, a double-blind, placebo-controlled
study in men with infertility did not report any benefit of supplementation with high levels of a
combination of vitamin C and E (Rolf et al., 1999). Interestingly, Castellini et al. (2000)
demonstrated that rabbit bucks had improved antioxidant activity in the semen when high levels
of vitamin C (1 g/L water) were supplemented with high levels of vitamin E (200 mg/kg feed)
compared to high levels of vitamin C with low levels of vitamin E (50 mg/kg feed). In this study,
bucks supplemented with high levels of vitamin C with low levels of vitamin E had a reduced
number of live spermatozoa compared to the control, whereas bucks supplemented with a high
vitamin C and high vitamin E had a greater number of live spermatozoa compared to controls.
High vitamin C and high vitamin E supplementation also improved sperm motility compared to
high vitamin C with low vitamin E and the controls. One study used increased collection
frequency to stress boars and reported no added benefit to vitamin C alone, whereas a treatment
group consisting of fat soluble vitamins and water-soluble vitamins that contained no vitamin C
improved semen quality over control boars (Audet et al., 2004). In this study by Audet et al.
(2004), the vitamin C diet consisted of high levels of vitamin C with low levels of vitamin E and
may corroborate the results seen by Castellini et al. (2000). Audet et al. (2004) attributed the
improvement in the fat-soluble vitamins to vitamin E and suggested that the improvement in the
water-soluble vitamins was due to folic acid, which has been correlated to improved sperm
production in humans (Wallock et al., 2001).
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Vitamin C supplemented to quail during HS improved feed intake, feed efficiency and
carcass weight compared to control quail (Sahin et al., 2003). Additionally, Sahin et al. (2001;
2002) reported that supplementation of vitamin C (200 mg) with vitamin E (250-500 mg) could
improve quail growth performance during HS. Supplementation of vitamin C, vitamin E with
selenium, or the combination significantly increased feed intake and improved acid-base balance
compared to controls in heat stressed goats (Sivakumar et al., 2010).
Ealy et al. (1994) investigated the use of injections of vitamin E near breeding during
times of heat stress in dairy cows but did not observe an improvement in pregnancy rate. Heat
stressed ewes fed high levels of both vitamin E and selenium had increased feed intake and a
reduced oxidative stress index, the ratio of reactive oxygen metabolites: biological antioxidant
potential (Chauhan et al., 2014). Heat stressed wethers fed high levels of selenium and vitamin E
had improved average daily gain (Alhidary et al., 2015). Additionally, wethers fed high levels of
selenium, vitamin E, or both had a higher total antioxidant status than control fed wethers
(Alhidary et al., 2015). Rabbits supplemented with high levels of both vitamin E and selenium
had reduced rectal temperatures and skin temperatures compared to unsupplemented rabbits (AlZafry and Medan, 2012). However, heat stressed pigs fed high levels of selenium and vitamin E
had similar rectal temperatures and respiration rates compared to pair fed control pigs (Liu et al.,
2016). In this study, Liu et al. (2016) reported that blood bicarbonate levels increased, and
intestinal permeability decreased in a linear fashion with increasing levels of vitamin E and
selenium supplementation, likely due to the antioxidant effects of these compounds. Overall,
vitamin E have been shown to be effective at improving semen quality, while vitamin C has had
varying results.
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1.5.2.2 Betaine
Betaine is a natural methylamine that is present in plants, animals, and bacteria. It acts as
an important component of the methionine cycle where it donates a methyl group to
homocysteine converting it to methionine (as reviewed by Kidd et al., 1997). This was confirmed
long ago when chicks were fed diets with radioactive labeled betaine (Stekol et al., 1953). This
occurs through the enzyme betaine-homocysteine methyl-transferase (BHMT), which has been
shown to increase in activity with betaine supplementation (Emmert et al., 1998; Wang et al.,
2000). Many studies have demonstrated betaine’s ability to reduce homocysteine concentrations
in mice (Ji and Kaplowitz, 2003; Pajares and Pérez-Sala, 2006; Song et al., 2008) and humans
(Schwab et al., 2002). Elevated concentrations of homocysteine have been shown to cause major
damage throughout the body by inducing pro-inflammatory cytokine production (Poddar et al.,
2001), increasing the production of reactive oxygen species (as reviewed by Weiss, 2005), and
stimulating the unfolded protein response, which leads to accumulation of proteins in the
endoplasmic reticulum (Zhang et al., 2001b). Elevated concentrations of homocysteine have
been implicated as a cardiovascular disease risk factor (Maurer et al., 2010; Ganguly and Alam,
2015) and have been shown to impair implantation, cause early loss of pregnancy, and to be
associated with neural tube defects in humans (as reviewed by Holmes, 2003). Homocysteine
concentrations have been shown to be increased in HS quails (Sahin et al., 2003).
While a major role of betaine is to remove homocysteine from the body, it has also been
shown to act as an osmoprotectant/osmolyte in bacteria (Imhoff and Rodriguez-Valera, 1984;
Reed et al., 1984; Bayles and Wilkinson, 2000), marine invertebrates (Bowlus and Somero,
1979), and plants (Hayashi et al., 1997). Additionally, betaine has been shown to improve
phospholipid membrane fluidity in times of hydration stress (Rudolph et al., 1986), and to
improve survivability due to cold stress in plants, bacteria, and mammalian sperm (Coughlan and
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Heber, 1982; Koskinen et al., 1989; Naidu et al., 1991; Sanchez-Partida et al., 1992; Ollero et al.,
1998; Rajashekar et al., 1999; Sanchez-Partida et al., 1999; Bayles and Wilkinson, 2000; Zhang
et al., 2001a; Pena et al., 2003).
Along with these protective characteristics, betaine also has antioxidant-like
characteristics. Alirezaei et al. (2015) demonstrated that betaine treatment decreases lipid
peroxidation and increases the prevalence of the antioxidation compounds glutathione
peroxidase, glutathione, and superoxide dismutase in rat brains. However, the authors clarified
that some of these effects were an indirect benefit of betaine through the conversion of
homocysteine to S-adenosyl methionine (Alirezaei et al., 2015). Additionally, Banu et al. (2009)
reported that betaine can reduce reactive oxygen species content and peroxidation of lipids
through the activation of salicylic acid-binding catalase and cationic peroxidase genes, which are
responsible for regulating oxidative stress in cells. Zhang et al. (2016) proved that betaine does
not actively scavenge for reactive oxygen species but acts like an antioxidant by converting
homocysteine into S-adenosyl methionine and by forming a protective membrane around cells to
protect them from reactive oxygen species. S-adenosyl methionine may have a further role in the
testes as it can be used in the synthesis of creatine which is important for sperm function and
motility (Lee et al., 1998). In a study investigating the impact of ethanol on reproductive function
in rats, betaine was shown to improve sperm concentration and motility compared to ethanol
treated rats (Alirezaei et al., 2012b). Specifically, this study reported that ethanol treatment
stimulated glutathione peroxidase activity but not catalase activity, whereas betaine treatment
stimulated catalase activity and not glutathione peroxidase activity (Alirezaei et al., 2012b). In
contrast, Alirezaei et al. (2012a) showed that betaine treatment stimulated glutathione peroxidase
activity in chickens.
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While betaine does not directly scavenge for reactive oxygen species, it enhances the
antioxidant defense of cells. This is important in times of heat stress, which stimulates the
production of reactive oxygen species. For these reasons, betaine has been evaluated to
determine its ability to improve reproductive performance in pigs during times of HS. Betaine
supplemented to gestating sows has been shown to increase litter size of older parity sows
compared to non-supplemented sows (van Wettere et al., 2013). This group also demonstrated
similar effects of betaine supplementation in older parity, gestating sows during the summer
months (van Wettere et al., 2012). Supplementation of lactating sows stimulated an increase in
feed intake and a reduced wean to estrus interval during the summer (Cabezon et al., 2016a).
Additionally, Cabezon et al. (2017a) investigated the impact of controlled heat stress and betaine
supplementation in sows, utilizing a PFTN model. In this study, sows were placed in either a
cyclical HS or TN farrowing room, with sows in the TN room pair-fed to their counterpart in the
HS room. While lactation performance, wean to estrus interval, and estrus to ovulation interval
were not impacted by betaine supplementation, the authors reported that betaine supplemented
sows had greater overall follicle size than control sows as measured ultrasonically after weaning
(Cabezon et al., 2017b). In boars, Cabezon et al. (2016b) evaluated the use of betaine during the
summer months on a commercial boar stud and demonstrated that betaine supplementation
reduced the concentration of homocysteine in the boars and tended to increase the total sperm
production. This effect has also been reported in rabbit bucks fed betaine during the summer
months, which resulted in increased sperm concentration, motility and semen volume (Hassan et
al., 2012). Though little work has been conducted with betaine in the male, there is evidence to
suggest that betaine can be used to improve sperm production during times of elevated ambient
temperature.
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1.5.3

PHYTASE
Phytase is an enzyme used to break down phytate from the feed in the digestive tract and

has been used to improve digestive efficiency. The breakdown of phytate (myo-inositol-6phosphate) releases phosphorous and other minerals, specifically divalent cations, increasing
their digestibility (Lei et al., 1993; Adeola, 1995; Adeola et al., 1995; Walk et al., 2013; Walk et
al., 2014; Kühn et al., 2016). Zinc in particular, is an important mineral for sperm maturation,
motility attainment, and storability, eluding to a possible role of phytase at improving
reproductive performance in males (Hidiroglou and Knipfel, 1984; Roy et al., 2013).
Additionally, the breakdown of phytate causes a release and increased availability of the inositol
compound that is the central component of phytate (Walk et al., 2014; Kühn et al., 2016), which
functions physiologically in stress mitigation in many eukaryotic species (as reviewed by
Michell, 2008). One study investigating the brain during osmotic stress reported that inositol acts
as an osmolyte and was accumulated in the brain during this stress (Strange et al., 1991). During
heat stress insulin concentrations are increased in many animal species, which is suggested as a
mechanism to “spare glucose” during this stress (Baumgard and Rhoads, 2012a). Inositol
derivatives, such as inositol phosphates, have been shown to stimulate beta cell exocytosis of
insulin from the pancreas (Illies et al., 2007), which may indicate a role of inositol and its
derivatives during times of heat stress.
Inositol may also play a role in sperm maturation in the epididymis in boars and has been
shown to have decreasing concentration in epididymal fluid as the sperm moved from caput to
cauda epididymis (Pruneda et al., 2007). One study in roosters utilized three diets (control; low
phytase, 500 FTU/kg of feed; high phytase 1000 FTU/kg of feed), and reported that phytase
supplementation resulted in increased sperm concentration and total motility and decreased dead
and morphologically abnormal sperm compared to the control (Al-Sa'aidi et al., 2009).
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Additionally, this study demonstrated that luteinizing hormone and testosterone concentrations
were increased with no increase in follicle stimulating hormone with phytase supplementation.
Testicular weight was also increased due to phytase supplementation (Al-Sa'aidi et al., 2009). In
the boar, Stewart et al. (2018) reported that superdosing phytase (3000 FTU per kg vs 500 FTU
per kg) resulted in an increase in total sperm production.
Sows supplemented with phytase during gestation and lactation had an increased weight
loss at parturition, but a reduced weight loss during lactation compared to control sows (Grela et
al., 2011). In another study, sows were supplemented over two reproductive cycles, where
phytase supplementation (125 to 10,000 FTU/kg of feed) did not improve reproductive
performance (Hanczakowska et al., 2009). In agreement with Grela et al., Hanczakowska et al.
(2009) reported that piglet birth weight was greater when sows were supplemented with 250
FTU per kg, although weaning weights did not differ. Laying hens supplemented with phytase
showed an increased egg laying rate and increased egg mass and weight compared to control
hens (Attia et al., 2010). However, supplementation of dietary phytase in turkey hens did not
affect egg production; though fewer supplemented hens stopped producing eggs compared to
controls (Godwin et al., 2005). Overall, phytase has been shown to improve sperm production in
boars but has yet to be investigated during HS.
1.5.4

VITAMIN D
Vitamin D is a prohormone that is first converted to 25-hydroxyvitamin D3 in the liver,

followed by conversion to 1,25-dihydroxyvitamin D3 in the kidney, which is the biologically
active form of vitamin D. Active vitamin D functions through its receptor, acting like a typical
steroid hormone. The major function of vitamin D is bone mineral metabolism and regulation,
playing an important role in calcium absorption and metabolism (as reviewed by DeLuca, 2004;
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Bikle, 2009). Vitamin D has also been reported to increase the secretion of insulin (Kadowaki
and Norman, 1985; Lee et al., 1994) and play an active role in the human immune system
(Adams et al., 1983; Provvedini et al., 1983; Rigby et al., 1984). Heat stress in animals results in
increased insulin secretion as a means of “sparing glucose” (Baumgard and Rhoads, 2012a),
which may indicate a role of vitamin D during HS, though, to the authors’ knowledge, this has
not been addressed in research. Additionally, many studies have demonstrated the detrimental
effects of vitamin D deficiency on reproductive function.
Male rats deficient in vitamin D had reduced fertility compared to controls supplemented
with vitamin D (Kwiecinski et al., 1989). In the female, vitamin D deficient female rats had
reduced fertility and litter sizes compared to supplemented female rats (Halloran and Deluca,
1980). Vitamin D supplemented to cultured ovarian cells from women resulted in increased
progesterone and estradiol production, but not testosterone production, indicating a possible role
of vitamin D in steroidogenesis (Parikh et al., 2010). Kinuta et al. (2000) showed that vitamin D
receptor knockout mice had hypogonadism with reduced aromatase activity and gene expression
in both males and females. This study further elucidated that the mechanism is partly explained
through vitamin D’s role in calcium balance, though the authors suggest that a direct effect on
aromatase may be possible as well (Kinuta et al., 2000). Johnson and DeLuca (2001) also used
vitamin D receptor knockout mice and reported that the infertility caused by this could be
overcome through high concentrations of calcium in the diet, suggesting that the role of vitamin
D in reproduction is through calcium balance.
Many studies have reported the importance of vitamin D on reproduction in men (Jensen
et al., 2011; Hammoud et al., 2012; Yang et al., 2012). The annulus of sperm has been shown to
express CYP24A1, an enzyme expressed in response to vitamin D, that may act as a marker for
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male fertility. Higher levels of CYP24A1 have been correlated with increased sperm motility,
normal morphology and concentration (Jensen et al., 2012). However, Hammoud et al. (2012)
reported an association with high concentrations of vitamin D in serum with reduced sperm
concentration, motility and morphology. This study suggests that vitamin D can improve
reproductive function up to a threshold level, but concentrations above that level may result in
reduced reproductive function in men. A study in boars demonstrated that feeding 2000 IU/kg of
vitamin D resulted in improved sperm membrane integrity, reduced sperm abnormalities,
increased sperm motility, and improved acrosome intactness compared to boars fed 200 IU/kg
and 4000 IU/kg of vitamin D (Lin et al., 2017). This further demonstrates that vitamin D can
improve reproductive performance, however above threshold levels may reduce reproductive
performance. Though the major role of vitamin D revolves around calcium metabolism, data
suggest that it plays a role in insulin secretions (indicating a possible role during HS), fertility,
and sperm quality.

1.6

CONCLUSIONS
Heat stress is an economic burden on the swine industry by causing reduced growth

performance and reproductive efficiency. In utero heat stress adds to this burden resulting in
reduced growth efficiency and altered reproduction in offspring that were subjected to IUHS.
However, studies have failed to determine the direct effects of IUHS on semen and sperm
quality. Additionally, there is limited data on IUHS in the boar, and thus more research is
warranted in the area of pubertal development and the effects of postnatal heat stress on IUHS
boars. The importance of understanding the effects of IUHS cannot be understated, but
additional research is needed in the area of HS mitigation through nutrition. Specifically,
mitigation strategies utilizing antioxidants like vitamins C and E should be further investigated
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without added selenium in the boar. Likewise, vitamin D has recently been implicated to
improve reproductive performance in boars and due to it’s insulin stimulating properties, may
serve a role in HS mitigation. Betaine acts as an osmolyte, cryoprotectant and antioxidant, and
has previously been shown to be beneficial to boars during the summer. More research should be
conducted on the use of betaine in boars during heat stress. Additionally, phytase has been
shown to improve reproductive performance in boars and may also serve as a nutritional
mitigation strategy for HS due to its insulin stimulating actions and roles in stress and
reproduction. Therefore, the purposes of these experiments are to investigate the effects of IUHS
in boars and to evaluate nutritional methods of HS mitigation in boars.
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IN UTERO HEAT STRESS CAUSES REDUCED
TESTICULAR AREA AT PUBERTY, REDUCED TOTAL SPERM
PRODUCTION, AND INCREASED SPERM ABNORMALITIES IN
BOARS.

2.1

ABSTRACT
In utero stress has been shown to negatively affect intact male rats and mice, though very

little research has been conducted in boars. The objectives of the present studies were to
determine the effects of in utero heat stress (IUHS) on postnatal development and the response
to postnatal heat stress of boars. Ten boars were selected at weaning from litters subjected to
IUHS or in utero thermoneutral (IUTN) during 30-60 days of gestation. The boars were
evaluated for reproductive performance from birth through 57 weeks of age (WOA). Testicular
area tended to be smaller for IUHS boars compared to IUTN boars at 24 WOA (P = 0.080).
Libido did not differ for IUHS or IUTN (P = 0.818). Total sperm production was reduced in
IUHS boars compared to IUTN boars (P ≤ 0.038). Semen volume and semen concentration did
not differ (P ≥ 0.469 and P ≥ 0.664, respectively). Total motility and progressive motility did not
differ for IUHS and IUTN boars (P ≥ 0.430 and P ≥ 0.652, respectively). In utero heat stressed
boars had a greater incidence of sperm with tail abnormalities than IUTN (P ≤ 0.042). In utero
heat stressed boars had a lower incidence of sperm with proximal droplets following mild,
postnatal heat stress compared with IUTN (P = 0.005). In utero heat stress resulted in significant
reductions in sperm production and increased sperm abnormalities in boars. The IUHS boars
may be slightly more tolerant to postnatal heat stress, though more research is needed.
Keywords: boar; in utero heat stress, heat stress, total sperm production, swine
This research received partial funding from the National Pork Board’s Pork Checkoff (NPB
project #15-043) with remaining support from Agricultural Experiment Station funding.
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2.2

INTRODUCTION
Heat stress (HS) impacts the efficiency of the swine industry, costing over $300 million

annually (St-Pierre et al., 2003). However, these estimates do not represent true economic losses,
as they only account for additional days open in sows and reduction in growth performance of
grow-finish pigs. Heat stress impacts many other areas in the swine industry that are of economic
importance. One of these areas of research is the impact of heat stress on gestating sows and the
subsequent effects on the developing offspring. This in utero heat stress (IUHS) in pigs has
been shown to have irreversible effects on the postnatal growth and performance of offspring
(Johnson et al., 2015), reduced birth weights (Omtvedt et al., 1971), reduced placental weights
(Lucy et al., 2012) and increased mortality rates (Omtvedt et al., 1971).
Researchers have shown that male rat and mice pups whose dams were stressed during
gestation by heat or a combination of heat and restraint have altered reproductive behaviors
(Rhees and Fleming, 1981; Politch and Herrenkohl, 1984), shorter anogenital distance (Anderson
et al., 1985), and smaller testes in adulthood (Desaulniers et al., 2016). In utero stress by ACTH
injections at days 40-70 of gestation in sows resulted in shorter anogenital distances at birth in
boars (Schenck et al., 2006; Lay et al., 2008) and in utero social stress caused reduced postnatal
testes size (Ashworth et al., 2011). Additionally, a study in rats indicated that male and female
rat pups that were restraint stressed in utero respond to postnatal restraint stress differently,
where females are less tolerant to postnatal stress compared to control females and males are
slightly more tolerant compared to control males (Mccormick et al., 1995). Testes development
in swine begins during gestation with differentiation of Sertoli cells occurring between days 2627 (Pelliniemi, 1975) and Leydig cells between days 30-35 (Pelliniemi et al., 1979; Van
Vorstenbosch et al., 1982). The majority of Sertoli cell proliferation takes place during gestation,
with proliferation peaking at approximately 90 days post coital in the pig (McCoard et al., 2003)
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and continuing into the postnatal period (Franca et al., 2000). Adult sperm production is
dependent on the number of Sertoli cells in the testicle, as each Sertoli cell can only support a
finite number of developing spermatogonia (Berndtson and Thompson, 1990). Based on the
developmental timeline of the testes in swine and the in utero stress studies in swine and other
species, we hypothesize that a gestational stress could impair Sertoli cell mitotic activity, thereby
reducing adult sperm production in boars. Therefore, the objective of the present study was to
investigate the effects of IUHS on boar offspring testes development and adult semen
production. A second objective was to evaluate how IUHS boars respond to postnatal heat
stress.

2.3
2.3.1

MATERIALS AND METHODS
GESTATIONAL PROCEDURES
All procedures were approved by the University of Missouri Animal Care and Use

Committee prior to initiation of the trial (protocol #8474). Ten bred, first parity gilts (Landrace x
Large White; n=5 per treatment) were housed in the University of Missouri Swine Research
Complex until confirmed pregnant (24 d post-insemination), at which point they were moved to
the University of Missouri Brody Environmental Chambers. Two environmental chambers were
used, and gilts were housed in gestation stalls (2.4 x 0.6 m) in each chamber. Gilts were placed in
their respective environmental chamber at 24 d of gestation and were housed in thermoneutral
conditions (TN; cyclical, 17 to 22℃ with 56 to 65% relative humidity, RH). From 24 to 30 days
of gestation the HS chamber was gradually increased over a 5-day period and reached its
maximum temperature at 30 d of gestation. This maximum temperature was maintained from 30
to 60 d of gestation (cyclical, 28 to 38°C with 65 to 88% RH). In the TN chamber, the
environmental conditions were maintained from 24 to 60 d of gestation. On day 60, all gilts were
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moved to the University of Missouri Swine Teaching farm where they were housed for the
remainder of gestation and farrowing. Gestation length did not differ between gilts in the TN and
HS treatments (114.8 vs 114.2 ± 1.2 d; P = 0.737). Heat stressed gilts had a greater rectal
temperature (38.5 ± 0.04 vs 38 ± 0.04℃; P < 0.001) and respiration rate (44.3 ± 2.6 vs 19.5 ± 2.7
breaths/minute; P < 0.001) than the TN gilts and greater respiration (Bernhard et al., 2016). At d
1 post farrowing, body weight (BW) was recorded and anogenital distance (AGD) was measured
using a cloth measuring tape and was used to calculate AGD/kg of BW. Piglets were exposed to
similar conditions through weaning (22.5 ± 2.3 d of age), at which point one average weight
intact male piglet was selected from each litter (n = 5 in utero thermoneutral, IUTN; n = 5
IUHS) and transported to Purdue University, West Lafayette, IN for postnatal analysis. Litter
data are summarized in Table 2.1.
2.3.2

POSTNATAL ANIMALS AND EXPERIMENTAL DESIGN
All procedures were approved by the Purdue University Animal Care and Use Committee

prior to initiation of the study (protocol #1512001341). The postnatal portion of this study was
split into two experiments, postnatal development (PDev, 0-40 week of age, WOA) and
postnatal heat stress (PHS, 44-57 WOA). From weaning-20 WOA, all animals were fed a
commercial diet to meet or exceed NRC requirements for growing pigs. From 20-57 WOA, all
animals were fed a boar specific diet to meet or exceed NRC requirements for breeding boars.
2.3.2.1 Postnatal Development (PDev)
In PDev (0-40 WOA), intact male pigs were group housed in pens from weaning through 20
WOA, at which point they were housed in individual stalls for the remainder the experiments.
Testicular area (testicular length x width) was measured via digital calipers and BW was
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recorded at 3, 7, 11, 15, 20, 24, 29, 33, and 37 WOA. Testicular measurements were taken by a
single, trained technician for all boars at each time point.
Boars began training for semen collection at 25 WOA. Training consisted of boars being
moved daily to collection pens and were allowed 5-10 minutes with an artificial sow and an
experienced collection technician. Collection technicians scored the libido of each boar based on
a 5 point system (1 = no interest, 2 = some interest, 3 = mounting with no erection, 4 = mounting
with an erection, and 5 mounting and semen collection) as previously described (Kozink et al.,
2002). Once semen was collected, each boar was collected daily for three consecutive days and
then placed on a once weekly semen collection schedule. Semen was collected from each boar on
the same day of every week, resulting in a 7-d rest period between collections. Immediately
following collection, semen was evaluated for volume (using a gram scale) and concentration
(SpermaQue, Minitube, USA), and total sperm production was calculated (volume x
concentration). Beginning at 32 WOA, semen was transported approximately 15 miles to Purdue
University and evaluated by computer assisted sperm assessment (CASA; Ceros II, IMV, USA).
For CASA, 1 mL of semen was warmed for 30 minutes at 37º C and then analyzed. Sperm
morphology was analyzed using phase contrast microscopy, where a minimum of 200 sperm
were counted and categorized as normal, or containing a proximal droplet, distal droplet, distal
mid-piece reflex (DMR), or tail abnormality.
2.3.2.2 Postnatal Heat Stress (PHS)
At 44 WOA, boars were blocked by location in the barn with one IUHS and one IUTN
boar per block (5 blocks). Ambient room temperatures and RH were recorded every 5 minutes
using data loggers (EL-USB-2; DATAQ Instruments, Inc., Akron, OH 44333). The PHS
experiment consisted of 4 environmental phases: pre-heat stress (PreHS; 44-47 WOA; 26.0 ±
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0.5°C with 55.6 ± 2.3% RH); heat stress (HS; 48-51 WOA; 30.2 ± 0.5°C with 39.0 ± 2.3% RH);
post-heat stress 1 (Post1; 52-54 WOA; 16.2 ± 0.6°C with 58.2 ± 2.6% RH); and post-heat stress
2 (Post2; 55-57 WOA; 17.7 ± 0.6°C with 54.3 ± 2.6% RH). The post heat stress phase was split
into two consecutive periods due to the expected latent effects of heat stress on sperm motility
and morphology (Wettemann et al., 1976; Wettemann and Desjardins, 1979; Malmgren, 1989).
Respiration rates (RR) were estimated by trained technicians two days per week at 1400 hours.
Rectal, scrotal skin, and ear skin temperatures were recorded two days per week at 0600 hours
(AM or morning) and 1400 hours (PM or afternoon) and averaged per week. Rectal temperatures
were measured with a digital rectal thermometer, inserted a minimum of 2.5 cm into the rectum,
and recorded after a reading was stable for 5 seconds. Scrotal and ear skin temperatures were
measured with an infrared thermometer (TG54 IR Spot Thermometer; FLIR, Nashua, NH
03063), approximately 15 cm from the skin at the center of each testicle on the scrotum and at
the center of the base of the ear. Body weights were recorded at 43, 48, and 52 WOA. Semen
was collected from boars on a weekly schedule and evaluated for volume, concentration, total
sperm production, CASA and morphology, as described above, throughout the experiment (44 to
57 WOA).
2.3.3

STATISTICAL ANALYSIS
All statistical analyses were performed using the MIXED procedure of SAS (version 9.4;

SAS Institute Inc., Cary, NC 27513). For semen quality parameters, boar was the experimental
unit. All parameters, except for AGD, were analyzed using repeated measures with a compound
symmetry covariance structure. The Slice option was used for LS mean separation tests for all
interaction effects, and Tukey-Kramer adjustments were used for LS mean separation tests for all
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week or phase effects, when appropriate. Statistical significance was defined as P < 0.05 and a
tendency was defined as 0.05 ≤ P ≤ 0.10.
For PDev, all parameters were analyzed with a model including the treatment (IUHS vs
IUTN), week, and their interaction. For volume, concentration and total sperm production, day
of collection was used as a fixed effect. For CASA and morphology analysis, laboratory
technician was used as a random effect and day of collection was used as a fixed effect.
Testicular area, measured per testis, was averaged and analyzed as average testicular area per kg
of BW per week. Dam was utilized as a random factor for all parameters, when appropriate.
For PHS, semen quality parameters, and temperature parameters were analyzed with a
model that included treatment (IUHS vs IUTN), environmental phase (phase), and their
interaction. For volume, concentration and total sperm production, day of collection was used as
a fixed effect. For CASA and morphology analysis, laboratory technician was used as a random
effect and day of collection was used as a fixed effect. For temperature parameters, location in
the barn (block) was used as a fixed effect. Block was tested for semen quality parameters, but
was not significant and was removed from the model. For BW, the main effects consisted of
treatment and week, with their interaction. Average weekly ambient temperature and relative
humidity used phase as the main effect. Dam was utilized as a random factor for all parameters,
when appropriate.

2.4
2.4.1

RESULTS AND DISCUSSION
POSTNATAL DEVELOPMENT
In the present study, AGD did not differ between IUHS and IUTN boars (7.64 vs 7.38 ±

0.40 cm/kg BW, respectively; P = 0.659). Anogenital distance has been shown to be similar for
male rat pups born to females that were subjected to restraint and heat stress while gestating
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compared to control males (Chapman and Stern, 1978). Other studies in pigs (Schenck et al.,
2006; Lay et al., 2008), mice (Desaulniers et al., 2016), and rats (Williams et al., 1998) have
reported that male offspring that were stressed in utero have a reduced AGD, indicating
feminization of the males. However, it is challenging to compare among studies as the
experimental in utero stress is imposed at different times during gestation and at different
intensities, which could differentially impact fetal tissues. Desaulniers et al. (2016) used a heat
stress during day 8-18 of gestation (of a 21 d gestation) in mice, whereas Williams et al. (1998)
used a combination of restraint, heat and light stress from days 14-21 of gestation (of 21 d
gestation) in rats. Schenck et al. (2006), as well as Lay et al. (2008), used rough handling stress
on gestating sows from days 42-77 of gestation. In the current study, in utero heat stress was
administered from 30-60 days of gestation, which coincides with the timing of Sertoli and
Leydig cell differentiation and proliferation. However, the present study did not show
differences in AGD, which may be a result of the type, timing and intensity of the heat stress
imposed, or an insufficient number of observations to detect differences. Body weight and
testicular area data are summarized in Figures 2.1 and 2.2, respectively. Body weights were not
different for IUHS and IUTN boars (P = 0.942). There was a significant week effect for body
weight (P < 0.001), where body weight increased each week of the study. There tended to be a
treatment by week interaction for testicular area per kg BW (P = 0.085), where the slice option
revealed that IUHS tended to have a reduced testicular area compared to IUTN at 24 WOA (P =
0.080) but were similar in all other weeks of the study (P ≥ 0.145). In utero social stress between
47-55 d of gestation has been shown to reduce testicular weight in boars at 6 WOA (Ashworth et
al., 2011). Similarly, IUHS during mid gestation (34.1°C for 12 h from 8-18d of gestation) in
mice resulted in reduced testicular weight (Desaulniers et al., 2016). However, the timing or
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intensity of the HS may impact effects on testicular weight as a late gestation, mild HS (33.3°C
for 1.45 h from 14-21d) did not impact testicular weight (Politch and Herrenkohl, 1984). Just
prior to puberty, Sertoli and Leydig cell hypertrophy, and to a lesser extent hyperplasia, occurs in
pigs in response to changes in circulating FSH and testosterone, respectively (Franca et al.,
2000). This is accompanied by an increase in seminiferous tubule diameter and the onset of
spermatogenesis, resulting in a marked increase in testes size (Gondos and Berndston, 1993;
Franca et al., 2000, 2005). The present study found a tendency for a reduction in testicular area
in IUHS boars at 24 WOA, suggesting that in utero stress alters the timing of the pubertal
increase in testes size.
Libido data are summarized as the number of boars collecting per week in Figure 2.3. In
the present study, overall libido score was not affected by IUHS when compared with IUTN
(4.27 vs 4.10 ± 0.52, respectively; P = 0.818). There was a week effect for overall libido score (P
= 0.004), where week 41 had a greater libido score than week 25 and tended to be greater than
week 27 (P = 0.013 and P = 0.079, respectively), and tended to be greater for week 40 compared
to week 25 (P = 0.088). Kattesh et al. (1979), used a combination of heat stress (30.7 ± 0.8ºC)
and crowding from 32-82 d of gestation and found no differences in libido or testosterone
production in IUHS vs IUTN boars. In the present study, it is likely that libido was measured
after sexual maturity had been reached, as semen was collected from 50% of the boars in the first
week of semen collection training (25 WOA). In utero stress in rats has been shown to alter
reproductive behavior, resulting in males that ejaculate less frequently and that are more
receptive to mounting (Rhees and Fleming, 1981; Politch and Herrenkohl, 1984), likely a result
of glucocorticoid negative feedback on the hypothalamus. This negative feedback been shown
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previously, where stress results in reduced LH pulsatility, presumably through GnRH
downregulation (Moenter et al., 1990),
Semen quantity and quality data are summarized in Table 2.2. Ejaculate volume and
concentration did not differ for IUHS and IUTN boars (P = 0.526 and P = 0.908, respectively).
Total sperm production was lower for IUHS (29.41 ± 2.81 x 109 sperm) than for IUTN (38.43 ±
3.65 x 109 sperm; P = 0.039). Total motility and progressive motility were not different for
IUHS and IUTN (P = 0.585 and P = 0.652, respectively). In utero thermoneutral boars’ sperm
tended to have a greater anterior lateral head displacement (ALH; P = 0.061), and curvilinear
distance (DCL; P =0.080) compared to IUHS. Linearity (LIN) and wobble (WOB) tended to be
greater for IUHS compared to IUTN (P = 0.090 and P = 0.100, respectively). There were no
significant differences for beat cross frequency (BCF), average path distance or velocity (DAP
and VAP, respectively), curvilinear velocity (VCL), straight-line distance or velocity (DSL and
VSL, respectively), or straightness (P ≥ 0.115). To the authors’ knowledge, the present study is
the first study to investigate sperm mobility parameter estimates for IUHS boars. While CASA
mobility parameter estimates are good indications of the swimming patterns of sperm, they are
only weakly correlated with fertility (Broekhuijse et al., 2012).
There tended to be a treatment by week interaction for percentage of normal morphology
(P = 0.096), however, no discernable trend was observed. There tended to be a treatment by
week interaction for percentage of proximal droplets (P = 0.077), where the slice option revealed
that IUTN boars had a higher incidence of proximal droplets at 34 WOA (P = 0.028) and tended
to have a higher incidence of proximal droplets at 36, 39, and 40 WOA (P ≤ 0.055). No
treatment differences were detected for percentage of distal droplets or DMRs (P = 0.424 and P
= 0.229, respectively). In utero heat stressed boars had a higher incidence of tail abnormalities
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compared with IUTN boars (5.9 ± 0.8 vs 3.4 ± 1.0, respectively; P = 0.024). The development of
Sertoli and Leydig cells occur within the first 27-35 days of fetal life in pigs (Anderson, 2013). A
heat stress event during this critical time, may impair the establishment of these cell populations
in the testes. In the present study, dams were stressed from 30-60 d of gestation, a time in which
it is plausible that Sertoli and Leydig cell proliferation could be altered. While not measured in
this study, the reduction in sperm production in IUHS boars suggests that Sertoli cell
proliferation from days 30-60 of gestation was reduced or apoptosis was increased, overall
reducing the sperm production capacity of the seminiferous tubules.
2.4.2

POSTNATAL HEAT STRESS
Ambient room temperature was not different for Post1 and Post2 (P = 0.384), but was

significantly different for all other phases, where Post1 and Post2 < PreHS < HS, as designed (P
≤ 0.001; Figure 2.4). Relative humidity was lower in the HS phase compared to PreHS, Post1
and Post2 (P ≤ 0.006) and did not differ for PreHS, Post1 and Post2 (P ≥ 0.733). Ambient
temperature was controlled in the present study by thermostatically regulated propane heaters.
There were significant phase effects for respiration rate, rectal temperature (AM and PM), ear
skin temperature (AM and PM), scrotal skin temperature (AM and PM), and total sperm
production, sperm total motility, progressive motility, and percentage of morphologically normal
sperm, which are summarized in Table 2.3 (P ≤ 0.026). In general, morning rectal, ear skin and
scrotal skin temperatures were greater during PreHS and HS compared to Post1 and Post2. A
phase effect for afternoon rectal temperatures was seen (P = 0.026), where, in general, afternoon
rectal temperature increased during HS and returned to PreHS temperatures thereafter. Afternoon
ear skin and scrotal skin were generally greater for PreHS and HS compared with Post1 and
Post2. Respiration rates were greater for HS compared to PreHS, Post1 and Post2 (P ≤ 0.002),
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PreHS was greater than Post1 and Post2 (P < 0.001) and were similar for Post1 and Post2 (P =
1.000). Increased respiration rate is a sign of heat stress that can be visually assessed
(Gebremedhin, 2012). Due to the low relative humidity in the barn, respiratory evaporative
cooling was likely an effective means of dissipating heat (Huynh et al., 2005), however, the
increased animal temperatures and RR during the HS phase indicate that the mild heat applied
was successful at stressing the boars. Wettemann et al. (1979) utilized a diurnal heat stress for
boars (8 hrs at 34.5 ± 1.0ºC followed by 16 hr at 31.0 ± 1.0ºC) for 11 weeks and showed that
rectal temperature was increased to 38.8ºC in the HS boars compared to 38.4℃ in the control
boars. Additionally, RR was greater in heat stress conditions compared to thermoneutral (93 vs
31 breaths/min). The present study showed similar results where the overall average rectal
temperatures were 0.6ºC greater and RR were 14 breaths/min greater in the HS phase vs the
Post1 and Post2 phases.
Phase effects for semen volume, concentration, total sperm production, total motility,
progressive motility and percent normal morphology are summarized in Table 2.3. There tended
to be a phase effect for semen volume (P = 0.089), where Post2 tended to be greater than PreHS
(P = 0.057), and numerically increased with each phase. There tended to be a phase effect for
sperm concentration in the ejaculate (P = 0.095), however no discernable trends were observed.
Total sperm production had a significant phase effect (P < 0.001), following a similar trend as
semen volume by increasing with age. These semen production results are common in young
boars, which normally do not reach maximum semen production until approximately 24 months
of age or older (Kennedy and Wilkins, 1984; Huang et al., 2010). Total motility was similar for
PreHS and Post2 (P = 1.000) and HS and Post1 (P = 0.993) but was reduced during HS and
Post1 compared to PreHS and Post2 (P ≤ 0.005). Progressive motility was similar during PreHS,
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HS and Post1 (P ≥ 0.145), was greater during Post2 compared with HS and Post1 (P = 0.009 and
P = 0.004, respectively), and was similar for PreHS and Post2 (P = 0.429). Percentage of normal
sperm was similar for PreHS, HS, and Post2 (P ≥ 0.308), and was significantly reduced in Post1
(P ≤ 0.018). These morphology and motility results follow the typical lagging effect of heat
stress on boar semen quality parameters due to the fact that spermatogenesis is a continuous
process that takes approximately 40 days to complete (as reviewed by Franca et al., 2005).
Therefore, a heat stress event that impairs developing spermatogonia may result in observed
impairments in semen quality for several weeks following the stress event (McNitt and First,
1970; Wettemann et al., 1976; Wettemann et al., 1979). In the present study, sperm concentration
increased throughout the study, indicative of maturing boars’ semen production and was not
affected by postnatal HS. However, total motility, progressive motility and percentage of
morphologically normal sperm were all reduced due to the heat stress.
Treatment effects for body weight, animal skin and rectal temperatures, and respiration
rate data are summarized in Table 2.4. Body weight and respiration rate did not differ for IUHS
and IUTN boars (P = 0.983 and P = 0.733, respectively). There was a treatment by phase
interaction for AM rectal temperature (P = 0.001), where the slice option revealed that IUHS
tended to have a lower AM rectal temperature during Post1 (P = 0.066) and significantly lower
AM rectal temperature during Post2 (P = 0.002) compared to IUTN. There was a treatment by
phase interaction for AM ear temperature (P = 0.029), where the slice option showed that IUTN
was higher than IUHS during PreHS (P = 0.004). There were no differences for IUHS compared
to IUTN for AM scrotal skin temperature (P = 0.651), PM rectal temperature (P = 0.398), PM
ear skin temperature (P = 0.480), and PM scrotal skin temperature (P = 0.135). The change in
daily temperatures (PM temperature – AM temperature) was evaluated to determine if IUHS
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boars and IUTN boars had differential daily temperature changes. There was a treatment by
phase effect for the difference in rectal temperature (P = 0.038), where the slice option showed
that the IUHS boars had a greater temperature change during Post2 compared to IUTN (0.96 ±
0.09ºC vs 0.71 ± 0.08ºC, respectively; P = 0.030). The IUHS boars had a lower AM rectal
temperature and a similar PM rectal temperature during this phase, which was likely the cause of
this difference. Johnson et al. (2013), showed that barrows that had been subjected to in utero
heat stress from d 6-114 of gestation had a greater change in rectal temperature as well, but also
had an inherently higher rectal temperature compared to their thermoneutral counterparts. The
authors suggested that the altered temperature control by IUHS animals may be due to epigenetic
alterations that are often not expressed unless a thermal challenge occurs. This study specifically
used castrated males to minimize the effects of steroids on rectal temperature, used a more severe
in utero stress than the present study, and was conducted when the pigs were 15 weeks of age
(the present study was conducted from 43-57 WOA), which are likely the reasons for this
discrepancy. Differential ear skin temperature was not different (P = 0.637). Daily scrotal skin
temperatures were greater for IUTN boars compared to IUHS boars (0.51 ± 0.14℃ vs. -0.23 ±
0.13℃; P < 0.001), where IUTN boars had an increase in scrotal skin temperature and IUHS
boars had a decrease in scrotal skin temperature from morning to afternoon. This suggests
differential thermoregulation of scrotal skin temperature and may be a result of their in utero
treatments. The in utero treatments may have better adapted the IUHS boars to postnatal heat
stress by increased activity or sensitivity of scrotal sweat glands during times of heat stress,
which could partially explain the decrease in scrotal skin temperature during the warmer times of
day, though further research is needed to confirm this.
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Treatment effects for semen quantity and quality parameters are summarized in Table
2.5. There were no treatment effects on ejaculate volume, or ejaculate concentration (P = 0.469
and P = 0.664, respectively). As seen in the PDev study, total sperm production per ejaculate was
greater for IUTN boars vs. IUHS boars (62.8 ± 5.2 billion sperm vs. 47.7 ± 5.2 billion sperm,
respectively; P = 0.038). Total and progressive motility did not differ among treatments (P =
0.430 and P = 0.653, respectively). Anterior later head displacement was greater for IUTN
compared to IUHS (P = 0.017). There tended to be a treatment by phase interaction for BCF (P =
0.057), however no discernable trend was observed. Average path distance tended to be greater
(P = 0.079), DCL was greater (P = 0.005), VAP tended to be greater (P = 0.066), and VCL was
greater (P = 0.008) for IUTN compared with IUHS. There was a weak tendency for VSL to be
greater for IUTN compared to IUHS (P = 0.107). Straight-line distance, straightness, linearity,
and wobble did not differ among treatments (P ≥ 0.162). Taken together, sperm from IUTN
boars appear to swim at an overall greater velocity and distance compared to IUHS. As
previously mentioned, CASA mobility parameter estimates are only weakly associated with
fertility, and thus are challenging to interpret their impacts on boar reproductive capabilities.
There was a treatment by phase effect for percentage of morphologically normal sperm
(P = 0.006), where IUHS tended to have a greater percentage of morphologically normal sperm
than IUTN during Post1 (78.1 ± 3.3% vs. 70.8 ± 3.1%, respectively; P = 0.098). There was a
treatment by phase interaction for the percentage of sperm with proximal droplets (P = 0.002;
Figure 2.5), where IUTN had a higher incidence of proximal droplets than IUHS during Post1
(14.0 ± 2.2% vs 5.9 ± 2.3%, respectively; P = 0.005). Percentage of distal droplets did not differ
among treatments (P = 0.713). There tended to be a treatment by phase effect for incidence of
DMRs (P = 0.061), where IUHS tended to have a higher incidence during PreHS and Post1 (P =
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0.057 and P = 0.055, respectively) and had a significantly higher incidence of DMRs during HS
compared to IUTN (P < 0.001). There was a treatment by phase effect for percentage of tail
abnormalities (P = 0.019), where IUHS boars had a higher incidence of tail abnormalities during
PreHS (6.5 ± 0.9% vs 2.5 ± 0.9%, respectively; P = 0.001), but did not differ during any other
phases (P ≥ 0.151). In the present study, the results suggest that the IUHS boars were slightly
more tolerant to the heat stress, as shown by their lower incidence of proximal droplets in the
Post1 period. The elevated tail abnormalities seen in the IUHS boars during PreHS in the PHS
experiment, were similar to what was seen in PDev. However, tail abnormalities were similar for
IUHS and IUTN boars during the HS and post heat stress phases of PHS, suggesting that the
IUHS boars were slightly more tolerant to the postnatal heat stress. This change was a result of a
slight decrease in tail abnormalities during the HS and post heat stress phases for the IUHS boars
and a slight increase in tail abnormalities during the HS and post heat stress phases for the IUTN
boars. The reduced change in daily scrotal skin temperature also suggests that the IUHS boars
were better adapted to postnatal heat stress thermoregulation and may be partially responsible for
effects seen for proximal droplets and tail abnormalities. A study where rats were stressed in
utero in the last trimester of gestation via restraint stress were subsequently stressed postnatally
by restraint (McCormick et al., 1995). This study demonstrated that males that were stressed in
utero had lower levels of ACTH after the postnatal restraint stress compared to in utero control
counterparts, though the peak levels of ACTH did not differ. This suggests the in utero stressed
males were able to return to normal faster than the in utero control rats. Although not evaluated
in this study, IUHS boars may be better equipped to tolerate a postnatal stress due to changes in
the adrenocorticotropic pathway.
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Stress has been shown to reduce LH pulsatility, which suggests that GnRH pulsatility is
also reduced (Moenter et al., 1990), which may stem from the negative feedback of
glucocorticoids on the hypothalamus during the stress response. During gestation,
glucocorticoids can pass to the developing offspring through the placenta, which can result in
altered testosterone secretions in males, but not females (Ward and Weisz, 1984). This altered
patterns of testosterone during development may be a result of altered GnRH and LH secretions.
In the pig, Sertoli cells continue to develop morphologically until around 62 d of gestation where
their organizational structure is dependent on both testosterone and FSH (Chevalier and Dufaure,
1981; Van Vorstenbosch et al., 1984). Alterations in the secretion patterns of these hormones
during development may have altered the structure of the Sertoli cells or may have reduced the
proliferation of the Sertoli cells during development. Decreased Sertoli cell number or function
would impair spermatogenesis and could explain the reduced total sperm production and reduced
sperm quality in the present study. Additionally, it is possible that the stress in utero
preconditioned the boars to better respond to postnatal challenge. This has been suggested for
males, but not females in a previous study in rats (McCormick et al., 1995). The results of the
present study agree with these finding, however further data is needed to confirm this.

2.5

CONCLUSIONS
The present study has demonstrated that IUHS boars have a reduced total sperm

production, reduced testicular size at or around the time of puberty, and increased tail
abnormalities during development. In utero heat stressed boars produce approximately 7 billion
fewer sperm per ejaculate than IUTN (26-57 WOA), which would result in a minimum of three
fewer doses (assuming 2 billion cells/dose) per boar per collection. They also had a 2.5%
increase in tail abnormalities, though the biological relevance of this is minimal, as the generally
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accepted cutoff value for normal morphology is 70-75%, and both IUHS and IUTN boars in the
present study were above this threshold. In utero heat stressed boars, may be slightly more
tolerant to postnatal heat stress as seen by a reduced increase in sperm abnormalities and a
reduced change in morning to afternoon scrotal skin temperature, though more research is
needed to confirm this.

2.6
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Table 2.1 Effect of in utero heat stress on birth weight and weaning weight1
1
2

All weights are presented in kilograms, where average (Av.) weight is presented as mean ± standard deviation
TRT = in utero treatment; IUHS = in utero heat stress; IUTN = in utero thermoneutral

Litter

TRT2

Boar ID

1
2
3
4
5
6
7
8
9
10

IUHS
IUTN
IUHS
IUHS
IUHS
IUTN
IUTN
IUTN
IUHS
IUTN

15
34
38
53
81
107
111
131
141
165

Boar Birth
Weight
1.29
1.13
1.42
1.51
1.07
1.53
1.43
1.03
1.37
1.19

Av. Litter
Birth Weight
1.44 ± 0.21
1.26 ± 0.17
1.37 ± 0.26
1.50 ± 0.21
1.02 ± 0.14
1.61 ± 0.09
1.52 ± 0.17
1.03 ± 0.17
1.34 ± 0.24
1.23 ± 0.15

Median Litter
Birth Weight
1.44
1.31
1.38
1.49
1.06
1.58
1.58
1.03
1.29
1.23

Boar Wean
Weight
4.56
4.86
6.35
5.22
4.14
7.49
6.41
5.58
4.22
5.08

Average
Wean Weight
5.48 ± 1.57
4.82 ± 0.90
6.02 ± 1.00
5.52 ± 0.61
4.81 ± 1.63
6.50 ± 1.49
6.63 ± 0.77
4.41 ± 1.13
3.90 ± 0.60
4.76 ± 0.53

Median Wean
Weight
5.62
4.75
6.09
5.67
4.44
6.50
6.78
4.82
3.89
4.71
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Table 2.2 Effects of in utero heat stress on semen quality parameters (LS Means) during
postnatal development in boars1
1

Columns within rows with differing letters are different (P ≤ 0.05)
ALH= Anterior Lateral Head Displacement; BCF= Beat Cross Frequency; DAP= Average Path
Distance; DSL= Straight-line distance; DCL= Curvilinear Distance; VAP= Average Path
Velocity; VSL= Straight-line Velocity; VCL= Curvilinear Velocity; STR= Straightness; LIN=
Linearity; WOB= Wobble
3
DMR= Distal Mid-Piece Retroflection
2

On Farm Analysis
Volume, mL
Concentration, x 109 sperm/mL
Total Sperm, x 109 sperm
Mobility Parameters2
ALH, μm
BCF, μm/s
DAP, μm
DSL, μm
DCL, μm
VAP, μm/s
VSL, μm/s
VCL, μm/s
STR, %
LIN, %
WOB, %
Motility Parameters
Total Motility, %
Progressive Motility, %
Morphology
Normal, %
Proximal Droplet, %
Distal Droplet, %
DMR3, %
Tail, %

In Utero
Treatment
IUHS IUTN
177.65 220.36
0.190
0.196
29.41a 38.43b

P Values
SE
54.68
0.042
3.65

TRT
0.526
0.908
0.039

Week
TRT*Week
0.001
0.312
0.001
0.849
< 0.001
0.962

4.0
34.8
21.0
17.8
34.1
52.4
44.5
84.4
84.5
54.6
63.4

4.6
34.3
22.2
18.4
37.8
56.2
46.7
94.4
82.2
50.4
60.2

0.3
0.9
1.7
1.4
2.4
4.4
3.6
6.4
1.4
2.1
1.6

0.061
0.679
0.407
0.665
0.080
0.374
0.554
0.115
0.131
0.090
0.100

0.786
< 0.001
0.277
0.394
0.065
0.832
0.722
0.896
0.778
0.052
0.010

0.404
0.700
0.962
0.987
0.859
0.770
0.917
0.589
0.261
0.768
0.939

61.1
57.3

64.8
60.0

6.1
5.3

0.585
0.652

0.469
0.624

0.616
0.630

66.1
5.5
13.1
4.2
5.9a

67.4
11.4
11.6
3.2
3.4b

6.7
4.2
2.2
0.8
1.0

0.859
0.160
0.424
0.229
0.024

0.188
0.013
0.074
0.109
0.487

0.096
0.077
0.952
0.900
0.749
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Table 2.3 Effect of environmental phase on animal temperature parameters, respiration
rate and semen quality parameters (LS Means) during postnatal heat stress in boars1
1

Columns within rows with differing letters are different (P < 0.005).
PreHS= Pre-Heat Stress Phase (44-47 wk of age); HS = Heat Stress (48-51 wk of age); Post1=
Post-Heat Stress Phase 1 (52-54 wk of age); Post2= Post-Heat Stress Phase 2 (55-57 wk of age)
3
Progressive motility between Post1 and Post2 tend to differ (P = 0.057)
2

Phase2
HS
Post1

Post2

38.2a
36.4a
32.7a

38.3a
36.6a
33.0a

37.3b
30.9b
26.9b

37.3b
31.5c
29.2c

0.1
0.2
0.3

< 0.001
< 0.001
< 0.001

38.1
36.4a
33.0a

38.3
36.7a
33.2a

38.2
31.2b
27.7b

38.1
31.3b
28.7c

0.1
0.2
0.3

0.026
< 0.001
< 0.001

25.9a

31.5b

17.5c

17.5c

2.6

< 0.001

281.1

301.1

301.8

321.1

42.7

0.089

0.189

0.211

0.217

0.206

0.028

0.095

46.9a

56.7b

58.0 b

59.4b

4.1

< 0.001

79.4a
73.8ab

74.9b
71.8a

74.6b
71.1a

79.5a
75.7b

3.2
2.7

< 0.001
0.002

80.2a

79.0a

74.4b

81.7a

2.3

0.006

PreHS
Morning Temperatures
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Afternoon Temperatures
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Respiration Rate,
breaths/min
On Farm Semen
Semen Volume, mL
Concentration, x 109
sperm/mL
Total Sperm, x 109 sperm
Motility Parameters
Total Motility, %
Progressive Motility3, %
Morphology
Normal, %

P Values
Phase

SE
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Table 2.4 Effect of in utero heat stress on bodyweight, animal temperature parameters and
respiration rate (LS Means) during postnatal heat stress in boars
1

Body weight was measured at 43, 48, and 52 weeks of age.
Animal temperatures were taken twice week at 0600 and 1400 h and respiration rates once daily
at 1400 h from 42-57 weeks of age
Treatment
P Values
IUHS IUTN
SE
TRT
TRT*Wk
1
Body Weight, kg
217.4 217.3
5.3
0.983
0.643
2

Morning Temperature2

IUHS

IUTN

SE

TRT

TRT*Phase

Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Afternoon Temperature2
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Respiration Rate, breaths/min2

37.7
33.7
30.5

37.8
33.9
30.4

0.1
0.2
0.2

0.126
0.358
0.651

0.001
0.029
0.849

38.1
33.8
30.3
22.3

38.2
34.0
31.0
23.9

0.1
0.2
0.3
3.3

0.398
0.480
0.135
0.733

0.877
0.863
0.353
0.813
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Table 2.5 Effect of in utero heat stress on semen quality parameters (LS Means) during
postnatal heat stress in boars1
1

Columns within rows with differing letters are different (P < 0.05)
ALH= Anterior Lateral Head Displacement; BCF= Beat Cross Frequency; DAP= Average Path
Distance; DSL= Straight-line distance; DCL= Curvilinear Distance; VAP= Average Path
Velocity; VSL= Straight-line Velocity; VCL= Curvilinear Velocity; STR= Straightness; LIN=
Linearity; WOB= Wobble
3
DMR= Distal Mid-Piece Retroflection
2

On Farm Analysis
Volume, mL
Concentration, x 109 sperm/mL
Total Sperm, x 109 sperm
Mobility Parameters2
ALH, μm
BCF, μm/s
DAP, μm
DSL, μm
DCL, μm
VAP, μm/s
VSL, μm/s
VCL, μm/s
STR, %
LIN, %
WOB, %
Motility Parameters
Total Motility, %
Progressive Motility, %
Morphology
Normal, %
Proximal Droplet, %
Distal Droplet, %
DMR3, %
Tail, %

In Utero Treatment
IUHS
IUTN
273.5
329.1
0.216
0.195
a
47.7
62.8b

SE
56.3
0.035
5.2

TRT
0.469
0.664
0.038

P Values
TRT*Phase
0.117
0.518
0.219

4.2a
34.9
26.3
22.8
41.1a
62.2
53.5
96.9a
85.6
56.9
65.3

5.0b
34.6
29.3
24.7
47.5b
70.9
60.0
114.2b
83.9
53.1
62.4

0.2
0.9
1.3
1.1
1.7
3.8
3.1
5.3
0.9
2.4
2.2

0.017
0.792
0.079
0.197
0.005
0.066
0.107
0.008
0.162
0.242
0.331

0.397
0.057
0.246
0.577
0.209
0.443
0.382
0.371
0.778
0.696
0.600

75.0
72.1

79.2
74.1

4.1
3.5

0.430
0.653

0.177
0.292

79.8
5.2
7.9
1.8a
5.3a

77.9
9.1
7.5
1.1b
3.0b

2.9
2.1
0.9
0.3
0.8

0.633
0.128
0.713
< 0.001
0.042

0.006
0.002
0.289
0.061
0.019
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Body Weight (kg)

Figure 2.1 Effect of in utero heat stress and week of age on body weight during postnatal
development in boars
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Body weights were recorded at birth, and once monthly for the entirety of the study (0 to 37 wk
of age) for in utero heat stressed (IUHS) and in utero thermoneutral (IUTN) boars. The results of
this figure indicate that body weight was not effected by in utero heat stress at any time point in
the study (P > 0.05).

74

Testicular Area (cm2/kg BW)

Figure 2.2 Effect of in utero heat stress and week of age on testicular area during postnatal
development in boars
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Testicular area and body weights (BW) were measured once monthly starting at 3 wk of age
through 37 wk of age on boars that were heat stressed in utero (IUHS) or were under in utero
thermoneutral conditions (IUTN). In this figure, testicular area is present as testicular area per kg
BW. Testicular area tended to be less for IUHS boars at 24 wk of age compared to IUTN boars
(P = 0.080). † indicates tendency for treatment differences within week (P < 0.10).
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Figure 2.3 Effect of in utero heat stress and week of age on number of boars collecting
during postnatal development
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This figure presents the number of boars per treatment that semen was collected from during
postnatal development of in utero heat stressed (IUHS) boars and in utero thermoneutral (IUTN)
boars. Boar began semen collection training at 25 wk of age and were collected through 40 wk of
age. No significant differences were detected (P > 0.05).
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Figure 2.4 Ambient temperature and relative humidity during postnatal heat stress
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Relative humidity and ambient room temperature data were collected every 30 minutes by data
loggers. As the temperature was increased from pre-heat stress (PreHS) to heat stress (HS),
relative humidity decreased. From HS to post heat stress 1 and 2 (Post1 and Post2, respectively),
temperature decreased, and relative humidity increased. Data points with differing letters are
different within temperature and relative humidity, respectively (P < 0.05).
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Proximal Droplets (%)

Figure 2.5 Effect of in utero heat stress and environmental phase on incidence of proximal
droplets during postnatal heat stress in boars
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The incidence of proximal droplets for in utero thermoneutral (IUTN) was greatly increased
during post heat stress 1 (Post1) compared to in utero heat stress (IUHS), which showed only a
slight increase during heat stress (HS). There were no differences in pre-heat stress (PreHS) or
post heat stress 2 (Post2). The lag effect seen in this graph is typical of heat stress events in boars
due to the length of time required for sperm transit in the scrotum. * indicate differences within
phase (P < 0.05).
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EFFECTS OF BETAINE AND SUPERDOSED PHYTASE
SUPPLEMENTATION ON REPRODUCTIVE PERFORMANCE OF
BOARS DURING AND AFTER MILD HEAT STRESS.

3.1

ABSTRACT
The purpose of this experiment was to evaluate the effects of betaine and superdosing

phytase on boar reproduction during mild heat stress. Twenty-seven mature (36 wk old),
crossbred boars (Duroc x (Landrace x Yorkshire)) were randomly allocated to treatment and
were fed 2.6 kg/d of one of three corn, soybean meal diets that consisted of: control (CNT; 250
phytase units (FTU) per kg E. coli phytase; n = 9), betaine (BET; 250 FTU per kg E. coli
phytase and 0.6% betaine; n = 9), and betaine and superdosed phytase (BP; 2500 FTU per kg E.
coli phytase and 0.6% betaine; n = 9). The experiment was split into 4 environmental phases (4
wk/phase) consisting of pre-heat stress (PreHS; 26°C), heat stress (HS; 30.2°C), post-heat stress
1 (Post1; 16.7°C), and post-heat stress 2 (Post2; 17.5°C). Semen was collected weekly from
each boar and was evaluated for semen quantity and quality parameters. Total motility,
progressive motility and percentage of morphologically normal sperm were reduced in the HS
period (P < 0.01) with no impacts from the dietary treatments (P ≥ 0.27). Total sperm did not
differ among treatments (P = 0.99). Percent distal droplets increased from PreHS to HS for CNT
(P < 0.01), but the increase was not statistically different for BET (P = 0.97) or BP (P = 1.00).
This suggests that supplementation with betaine alone or with phytase may potentially reduce the
effects of heat stress on specific morphological abnormalities, though total normal morphology
did not differ.
Keywords: betaine, heat stress, phytase, semen quality, swine
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3.2

INTRODUCTION
Heat stress (HS) has been estimated to cost the swine industry over $300 million annually

(St-Pierre et al., 2003) having significant impact on pigs in all stages of production, including
grow-finish (Pearce et al., 2014), sows (Tompkins et al., 1967; Edwards et al., 1968; Omtvedt et
al., 1971; van Wettere et al., 2012), and boars (McNitt and First, 1970; Wettemann et al., 1979;
Cameron and Blackshaw, 1980). Due to global climate change, heat stress will continue to
plague the swine industry, where the extremes in ambient temperatures are predicted to continue
to increase and worsen (Russo et al., 2014).
Betaine, a naturally occurring methylamine, has been shown to improve reproductive
characteristics in sows under heat stress conditions during gestation (van Wettere et al., 2012)
and lactation (Cabezon et al., 2016a). Though there is limited data in the boar, one recent study
showed that betaine supplementation to boars during summer months tended to increase total
sperm production and the authors concluded that betaine supplementation could improve
reproduction in boars during times of elevated temperature (Cabezon et al., 2016b), however
further research is needed to confirm this finding. Betaine acts as both an osmolyte and an
antioxidant in animals, which may improve reproductive performance in times of stress. Phytase,
the enzyme responsible for breaking down phytate, has been shown to also increase total sperm
production in boars when supplemented at superdosed levels (levels above that needed to cleave
nutrients from phytate; Stewart et al., 2018). Phytase has been shown to improve the utilization
of minerals in pigs such as P, Ca, Cu, Mg, Zn (Lei et al., 1993; Adeola, 1995; Adeola et al.,
1995; Walk et al., 2013). Zinc, in particular, has been shown to be a critical mineral for sperm
maturation, motility, and survival (Hidiroglou and Knipfel, 1984; Roy et al., 2013). Inositol
(released from phytate) may be important for sperm maturation in the epididymis (Pruneda et al.,
2007). Therefore, the purpose of this study was to investigate the use of supplemental betaine
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and superdosed phytase in boar diets on sperm production and semen quality estimates during
and after heat stress.

3.3
3.3.1

MATERIALS AND METHODS
ANIMALS AND EXPERIMENTAL DESIGN
All procedures were approved by the Purdue University Animal Care and Use Committee

prior to initiation of the study. At approximately 36 weeks of age (approximately 180 kg), 27
boars were trained for semen collection using an artificial sow. Following semen collection
training, semen was collected weekly for a minimum of 10 weeks prior to initiation of the
experiment. All animals were fed a boar specific diet to meet or exceed NRC (2012)
requirements for breeding boars. The present study utilized three treatment diets and 4
environmental phases in a factorial design. Boars were fed 2.6 kg per day (d) of diets that
consisted of: 1) control (CNT; 250 FTU of phytase per kg, Quantum Blue, AB Vista,
Marlborough, UK), 2) CNT plus betaine supplement (BET; 0.63% of 96% betaine, Vistabet, AB
Vista, Marlborough, UK), or 3) CNT with betaine and superdosed phytase (BP; 0.63% of 96%
betaine, Vistabet, AB Vista, Marlborough, UK; 2,500 FTU of phytase per kg, Quantum Blue,
AB Vista, Marlborough, UK). Diet composition is summarized in Table 3.1. Supplements were
included in the diet at the expense of corn. Phytase supplements were added to the diets in a
premix with an inclusion rate of 0.2% of the total diet containing corn plus either 0.005% (CNT
and BET) or 0.05% (BP) phytase product. Feed samples were collected from each batch of feed
made (4 batches per diet) and were sent to the University of Arkansas’ Center for Excellence for
Poultry Sci. (CEPS) Central Analytical Lab for proximate and mineral analyses. For the
proximate analysis, dry matter, ash, fat, and protein followed AOAC laboratory protocols
934.01, 923.03, 920.39c, 990.03, respectively (AOAC, 2012). Acid detergent fiber and neutral
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detergent fiber were analyzed based on Ankom Technology Methods 12 and 13, respectively
(Technology, 2017a, b). Feed mineral analyses were performed following AOAC laboratory
protocol 968.08 adapted for inductively coupled plasma mass spectrometry (AOAC, 2012). Feed
samples were sent to AB Vista for phytase activity analysis by an ELISA kit (Quantiplate kit;
method AP181, Rev. 12-28-11; Envirologix, Portland, ME 04103) and to the Purdue University
Bindley BioScience Center for betaine concentration. For betaine analysis, 50 mL of distilled
water was added to 50 mg of feed for extraction, samples were rocked for 30 minutes, and
centrifuged at 3220 x g for 10 minutes. One mL of supernatant was collected and 10 μg of
deuterium-3 betaine was added for analysis. Betaine analysis was performed using liquid
chromatography coupled mass spectrometry as previously described (Cabezon et al., 2016b).
Boars were limit fed (2.58 ± 0.01 kg per day) the CNT diet for a three-week period prior
to the environmental phases of the experiment (week 1) at which point, treatment diets were fed.
All boars were randomly allocated to dietary treatment and blocked by location in the barn with
one boar per treatment represented in each block (9 blocks). Boar stalls were 0.7 by 2.1 m in size
with a feeder located in the front and a water nipple was shared between adjacent stalls with ad
libitum access to water. The barn was designed with three negative pressure exhaust fans that
were thermostatically controlled and located on the north half of the barn with five ceiling inlets
located on the southern half of the barn. The other two fans were set to turn on when barn
temperature exceeded 31°C, with the middle fan used to keep constant air flow in the barn. Boar
stalls were arranged with half of the boars on the southern half of the barn facing north and the
other half on the northern side of the barn facing south. This experiment was conducted in the
fall and winter in central Indiana with week 1 corresponding to October 3, 2016. Due to the
timing of the study, thermostatically controlled (set to 29°C) propane heaters were needed to
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induce the heat stress. At the center of the barn two large LB white propane heaters were
suspended over the dorsal edge of the southern boar stalls with the heating exhaust being
directed outward at each corner on the southern half of the barn. Two semen collection pens and
a large alley way was located behind the southern row of boars with approximately 3 m from the
back of the boar stalls to the wall. Ambient room temperatures and relative humidity (RH) were
recorded every 30 minutes during the trial period using data loggers (EL-USB-2; DATAQ
Instruments, Inc., Akron, OH 44333) that were suspended at boar height (1 m off the ground) at
each row end with one suspended in the middle of the central alley way dividing the north and
south rows approximately 2 m off the ground. The present experiment consisted of four
environmental phases: pre-heat stress (PreHS; wk 1-4; 26.0 ± 0.7°C with 55.6 ± 2.2% RH); heat
stress (HS; wk 5-8; 30.2 ± 0.7°C with 39.0 ± 2.2% RH); post-heat stress 1 (Post1; wk 9-12; 16.7
± 0.3°C with 56.8 ± 1.0% RH); and post-heat stress 2 (Post2; wk 13-16; 17.5 ± 0.3°C with 55.4
± 1.0% RH). The three-week period prior to feeding dietary treatments was used as a covariate
for statistical analyses of all parameters measured, when all boars were being fed the CNT diet
(wk -2 to 0; 22.2 ± 0.7°C with 67.8 ± 2.5% RH). The post heat stress phase was split into two
periods (Post1 and Post2) due to the latent effects of heat stress on sperm motility, morphology,
and concentration (Wettemann et al., 1976; Wettemann and Desjardins, 1979; Malmgren, 1989).
Respiration rates (RR) were estimated by trained technicians two days per week at 1400
hours. For this, RR were counted by two trained technicians, twice per time period (4
counts/boar/day) and averaged for analysis. Rectal, scrotal skin, and ear skin temperatures were
recorded two days per week at 0600 hours and 1400 hours. Rectal temperatures were measured
with a digital rectal thermometer, inserted a minimum of 2.5 cm into the rectum, and were
recorded after a reading was stable for 5 seconds. Scrotal and ear skin temperatures were
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measured with an infrared thermometer (TG54 IR Spot Thermometer; FLIR, Nashua, NH 03063)
approximately 15 cm from the skin at the center of each testicle on the scrotum and at the center
of the base of the ear. Body weights were recorded, and blood was collected via ear vein
catheterization at weeks -1, 5, 9, and 16. Blood was collected approximately 1 hour after feeding.
Collected blood was stored for 24 h at 4ºC, centrifuged (1600 g @ 4°C for 20 min; Rotina 420R;
Hettich Lab Technologies, Beverly, MA 01915), and serum was harvested and stored at -20ºC
until analyzed for serum mineral analysis and urea nitrogen concentration. Serum samples were
sent to the University of Arkansas’s CEPS Central Analytical Lab for mineral analysis following
AOAC laboratory protocol 968.08 adapted for inductively coupled plasma mass spectrometry
(AOAC, 2012). Blood urea nitrogen (BUN) was performed using a commercially available
blood urea nitrogen kit following manufacturer instructions (0580-250; Stanbio Laboratory,
Boerne, TX 78006).
3.3.2

SEMEN ANALYSIS
Semen was collected once weekly from each boar and analyzed immediately following

collection for semen concentration using a photometer (SpermaQ-II; MOFA Global, Verona, WI
53593) and semen volume using a digital scale. Total sperm production was calculated from
semen volume and concentration (total sperm production = semen volume x sperm
concentration). Collected semen was then diluted into a commercial semen extender
(EnduraGuard Plus; Mofa Global, Verona, WI 53593) and transported (11.4 miles away) for
further semen analysis at a Purdue University laboratory. Laboratory semen analysis consisted of
computer assisted sperm assessment (CASA; Ceros II; IMV Technologies, Maple Grove, MN
55369) for motility and mobility parameter estimates, and morphological assessment using phase
contrast microscopy, where a minimum of 200 sperm cells were counted and categorized as
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normal, or containing a proximal droplet, distal droplet, distal mid-piece retroflection (DMR), or
tail abnormality.
3.3.3

STATISTICAL ANALYSIS
All statistical analyses were performed using the mixed procedure of SAS (version 9.4;

SAS Institute Inc., Cary, NC 27513). Dietary treatment and environmental phases were used as
main effects, along with their interaction. Repeated measures were used for all parameters
measured with a compound symmetry covariance structure in order to minimize Akaike
information criterion. Pre-dietary treatment semen quality and quantity estimates (Table 3.2),
serum mineral and urea nitrogen values, body weight, respiration rates, and body temperatures
were used as covariates for each respective parameter, and location in the barn (block) was used
as a blocking factor. For CASA and sperm morphology analysis, laboratory technician was used
as a random effect. Tukey-Kramer adjustments were used for LS Means separation tests for the
phase effect and treatment by phase interaction. Also, contrasts were used comparing the control
diet to the betaine supplemented diets (CNT vs BET and BP), as well as the betaine
supplemented diet vs betaine and phytase superdosed to evaluate effects of phytase (BET vs BP).
The contrasts were used based on the predictions that the diets containing betaine would have a
lower degree of heat stress induced reductions in semen quality, and that the diet containing both
betaine and superdosed phytase would have a greater improvement in semen quality compared to
the diet supplemented with betaine only. Statistical significance was defined as P ≤ 0.05 and a
tendency was defined as 0.05 < P ≤ 0.10.
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3.4

RESULTS AND DISCUSSION
Diet formulations are summarized in Table 3.1. Based on the study design, betaine was

greater in the BP and BET diets compared to the CNT diets (P < 0.01), and phytase activity was
greater in the BP diet compared to the CNT and BET diets (P < 0.01). Ambient barn temperature
and RH data are summarized in Figure 3.1. As designed, ambient room temperature in Post1 and
Post2 were not different (P = 0.26), PreHS and HS room temperatures were greater than Post1
and Post2 (P < 0.01), and HS room temperature was greater than PreHS (P < 0.01). Relative
humidity was similar in PreHS, Post1, and Post2 (P ≥ 0.86) and greater in all of these phases
compared to HS (P < 0.01), which was expected due to the use of propane heaters as the main
heat sources in the barn to elevate ambient temperature. While the study was designed to mimic
summer conditions, diurnal patterns of heat stress were not utilized. In summer seasonality, there
are fluctuations in daily temperature where ambient temperature increases during the day and
cools overnight. This has been shown to impact feed intake in that pigs subjected to mild HS in a
diurnal pattern have reduced feed intake during the day, but compensate overnight (Patience et
al., 2005). The general trend for body temperatures and respiration rates were lowest during
Post1 and Post2, intermediate during PreHS, and highest during HS, as expected (P < 0.05;
Table 3.3). According to Gebremedhin (2012), changes in RR and body temperature are good
indicators of HS in animals, providing evidence that the animals in the present study were
experiencing physiological responses to the changes in the environment. The increased animal
temperatures and respiration rates during the HS phase indicate that the environmental heat,
although lacking in humidity, was effective at inducing a physiological stress response in the
present study. Other researchers have used similar parameters to measure heat stress in boars and
have reported similar trends, though the heat stresses used in these studies were more severe and
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the resulting respiration rates and rectal temperatures were more extreme than in the present
study (McNitt and First, 1970; Wettemann et al., 1979; Cameron and Blackshaw, 1980).
In general, semen volume, concentration and total sperm production increased with time
(Table 3.3). These increases are common in maturing boars and were not impacted by dietary
treatment (P = 0.57, P = 0.75, and P = 0.99, respectively). Heat Stress reduced total motility,
progressive motility and normal morphology, which all returned to PreHS levels by the Post2
phase. Phase effects for total sperm production and total motility are graphically represented in
Figure 3.2. Due to spermatogenesis taking approximately 40 d in boars (Franca et al., 2005), it is
common to see reduced semen quality in ejaculates extending beyond the time that the animal is
under stress (McNitt and First, 1970; Wettemann et al., 1976; Wettemann et al., 1979).
Additionally, reproductive behavior (libido) did not appear to be altered in the present study, and
though this parameter was not specifically measured, the results agree with an older study
(Wettemann et al., 1976). The results of the present study are in agreement with others, where
reductions in motility and morphology were observed following the heat stress phase. However,
some of these studies have also reported decreases in semen output following a severe heat
stress. The current study was designed to elicit a mild heat stress, which resulted in changes to
semen quality but not semen quantity.
Dietary treatment effects for body weight, body temperatures and respiration rate data are
summarized in Table 3.4. Overall, average body weight did not differ by treatment in the present
study (P = 0.37). There were no treatment differences for morning rectal temperature, afternoon
rectal temperatures, nor afternoon ear skin temperatures (P = 0.94, P = 0.93, and P = 0.73,
respectively). Morning ear skin temperature tended to be greater for BP compared to BET (P =
0.06) but was not different for the betaine diets compared to CNT (P = 0.28). There tended to be
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a treatment by phase interaction for morning scrotal skin temperature (P = 0.07), however, no
discernable trend was observed. Afternoon scrotal skin temperature was greater for the betaine
treatments compared to CNT (P = 0.01) and tended to be greater for BET compared with BP (P
= 0.06). Morning scrotal skin temperature approached a trend with a similar response of the
betaine diets being higher than CNT (P = 0.11). Respiration rates did not differ among
treatments (P = 0.76). Overall, diet appeared to have minimal impacts on body temperatures and
respiration rates in the boars. These results are similar to Cabezon et al. (2016b) who
supplemented betaine to boars during the summer months and found no impact on rectal
temperatures compared to control boars.
Treatment effects for serum mineral analysis and blood urea nitrogen data are
summarized in Table 3.5. There were no treatment differences for serum potassium, magnesium,
sodium, phosphorous, sulfur, or zinc (P ≥ 0.31). There tended to be a treatment by phase
interaction for serum calcium (P = 0.09), where serum calcium in the CNT diet tended to be
greater during Post1 compared to HS (P = 0.09) and was greater during Post1 compared to Post2
(P = 0.04). Serum copper was greater for BET compared to BP and CNT (P ≤ 0.05) and did not
differ for CNT and BP (1.99 vs. 1.82 and 1.82 ± 0.05 mg per L, respectively; P = 1.00). There
tended to be a treatment by phase interaction for serum iron (P = 0.06), where serum iron tended
to be lower for BP during Post1 and Post2 compared with HS (P = 0.07 and P = 0.05,
respectively) and did not differ for any other treatment by phase combinations (P ≥ 0.93).
Stewart et al. (2018), showed that superdosed phytase fed to boars caused reduced serum mineral
concentrations compared to control boars. The authors suggest that the lower level of minerals in
serum may indicate that the minerals are being utilized by tissues more readily, which has
benefits for semen production. In the present study, there was limited effect of treatment on
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serum minerals, but the method of sampling (one measurement per sampling period) may not be
the optimal methodology for analyzing mineral utilization. Orthogonal contrasts for serum BUN
revealed that BUN tended to be greater for BP compared to BET (Table 3.5; P = 0.09), but did
not differ for the betaine supplemented diets compared to the control (P = 0.39). There is
abundant literature available demonstrating that phytase supplementation improves amino acid
utilization in growing pigs (as reviewed by Selle et al., 2000). An increased BUN suggests that
more amino acids are available to the animal, resulting in a higher metabolism of amino acids.
In the present study, BP tended to have a higher BUN than the BET treatment, suggesting that
the boars fed superdosed phytase and betaine had an improved utilization of amino acids than
betaine alone. However, studies have suggested that dietary protein only impacts semen
production when the plane of nutrition is severely deficient (as reviewed by Brown, 1994; Louis
et al., 1994), which was not the case in the present study.
Treatment effects for semen quality data are summarized in Tables 3.6 and 3.7. A
treatment by phase interaction effect was observed for semen volume (P < 0.01) and sperm
concentration (P = 0.06; Table 3.6), however, no resulting impacts on calculated total sperm
produced was observed (P = 0.99). Beat cross frequency was greater for the betaine treatments
compared to CNT (P = 0.02), but did not differ for BET compared with BP (P = 0. 85). Straightline distance and percent straightness tended to be greater for the betaine treatments compared to
CNT (P = 0.09 and P = 0.10, respectively), but did not differ among betaine treatments (P = 0.52
and P = 0.95, respectively). Anterior lateral head displacement, average path distance and
velocity, curvilinear distance and velocity, linearity, straight-line velocity, and wobble did not
differ among treatments (P ≥ 0.19). These CASA parameters describe the pattern of sperm
movement in the ejaculate but have been only weakly associated with boar fertility (Broekhuijse
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et al., 2012). Supplementation with betaine appears to improve the ability of sperm to move in a
straighter path, though the relevance of this is uncertain. Total motility and progressive motility
did not differ among treatments (P = 0.38 and P = 0.55, respectively). There were no treatment
differences for percent normal morphology (P ≥ 0.16). There were treatment by phase
interactions for incidence of proximal droplets and DMRs (P ≤ 0.02; Table 3.7), however all
observations were less than 8%, well below industry cut offs for abnormalities in ejaculates. A
treatment by phase interaction was observed for incidence of distal droplets (P = 0.01; Figure
3.3), where the CNT treatment had an increase in distal droplets in HS compared to PreHS (P <
0.01), which was then reduced in Post1 (P < 0.01) and similar between PreHS, Post1 and Post2
(P = 1.00). Distal droplets were similar for BET during all phases (P ≥ 0.97). For BP, distal
droplets tended to be reduced in Post2 compared to PreHS (P = 0.06) and HS (P = 0.05), and did
not differ for BP during all other phases (P ≥ 0.79). Orthogonal contrasts showed that BET
tended to have a higher incidence of proximal droplets compared to BP (P = 0.07), but BP
tended to have a higher incidence of distal droplets than BET (P = 0.08), whereas CNT and the
betaine treatments did not differ for either parameter (P ≥ 0.67). The incidence of tail
abnormalities tended to be greater for CNT compared to the betaine treatments (P = 0.05), but
did not differ among betaine treatments (P = 0.30).
In boars, semen volume and concentration increase with age, reaching a plateau around 2
yr of age (Kennedy and Wilkins, 1984; Huang et al., 2010), which is consistent with the results
of the present study. Similar studies have been conducted in boars and roosters with superdosed
phytase supplementation. Stewart et al. (2018) fed a superdosed phytase and control diet (3000
FTU per kg vs 500 FT per kg, respectively) to commercial AI boars, in a study investigating its
ability to improve semen quality and found that total sperm production was increased by 13% in
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the superdosed phytase diet compared to control. In roosters, Al-Sa’aidi et al. (2009) fed diets
containing 500 and 1000 FTU per kg of phytase and reported that phytase supplementation
resulted in an increased total sperm production and total motility. Total sperm production was
not impacted by dietary treatment in the present study and total motility was only numerically
improved (66 vs 70%). This may be a result of the lower level of stress noted in the present
study, due to the level of phytase supplemented, or simply due to the number of boars per
treatment. However, studies by Stewart et al. (2018) and Al-Sa’aidi et al. (2009) did not subject
the animals to environmental stress. Additionally, the genetics of the boars in the study by
Stewart et al. (2018) were from a commercial boar stud. These differences in environmental
stress, genetics and the different level of phytase fed are probable causes for the differential
results seen in the present study. Phytase breaks down phytate (myo-inositol-6-phosphate) in the
gut and has been shown to increase the release of inositol (Walk et al., 2014; Kuhn et al. 2016),
which has been shown to act as a stress mitigator in many eukaryotic species (as reviewed by
Michell, 2008). For example, it has been shown to act as a potent osmolyte and accumulates in
the brain tissue during osmotic stress (Strange et al., 1991). Additionally, inositol phosphates,
particularly pyrophosphate-diphosphoinositol-pentakisphosphate (IP7) has been shown to
stimulate insulin exocytosis from pancreatic beta cells (Illies et al., 2007) and many researchers
have shown that insulin concentrations are increased in times of heat stress in livestock species
in order to “spare” glucose in the body (as reviewed by Baumgard and Rhoads, 2012). These
roles of inositol and inositol phosphates during times of stress may partially explain the results of
the present study with regards to total sperm production. However, inositol concentrations were
not measured in the present study and thus more research is warranted. The present study showed
that the supplementation of superdosed phytase resulted in a tendency for a reduction in the
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presence of proximal droplets and increase in the presence of distal droplets compared to BET.
Cytoplasmic droplet migration from the proximal position to the distal position is part of normal
sperm maturation that occurs in the epididymis. Inositol has been found in the epididymis of
boars at decreasing concentrations from the caput to the caudal epididymis (Pruneda et al.,
2007), suggesting that inositol plays a role in sperm maturation during transit through the
epididymis. The shift from proximal droplets to distal droplets in the BP group suggests that
supplementation with superdosed phytase may improve sperm maturation in the epididymis.
Betaine acts as an osmolyte and has antioxidant like characteristics. These antioxidant
characteristics may act to prevent oxidative stress on sperm during times of physiological stress
(Banu et al., 2009; Alirezaei et al., 2015; Zhang et al., 2016). Cabezon et al. (2016b)
supplemented commercial AI boars with betaine during the summer months and reported that
betaine supplementation tended to increase total sperm production by 6% with no differences in
motility or morphology. The study was conducted during the summer in Oklahoma in a coolcell, thermostatically controlled barn, where the temperature ranged from 17-28°C and the
average RH was 56.5%. The HS phase of the present study was 2-3°C warmer but had a much
lower RH (39%). The lower RH allows for more efficient evaporative cooling by the animal,
increasing the critical temperature of the animal, indicating that the animal is less stressed at a
higher ambient temperature than when the humidity is increased (Huynh et al., 2005). This
demonstrates that the reduced RH ambient temperature in the present study likely allowed for
efficient evaporative cooling through respiration. This could have resulted in a reduced
physiological stress for the animal, which would also explain why this study only saw a
reduction in motility and morphology but not total sperm production. Additionally, supplemental
betaine has been shown to be more effective when animal feed intake is reduced (Casarin et al.,
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1997), which was not directly measured in the present study, however boars were limit fed and
no major off feed events were noted. The efficacy of betaine during reduced feed intake may be
due to the role of betaine in the methionine cycle, where it acts as a methyl donor converting the
reactive agent, homocysteine to methionine (Kidd et al., 1997). The amino acid serine is used to
create methyl-tetrahydrofolate, which acts as a major methyl donor to convert homocysteine into
methionine (Finkelstein, 1990). Reduced feed intake could create a deficiency in serine, resulting
in a greater reliance on betaine for conversion of homocysteine to methionine.
In the present study, the betaine treatment appears to have minimized the impact of heat
stress on boars, as seen by a lesser increase in distal droplets during the HS phase. While other
studies have shown that betaine (Cabezon et al., 2016b) and superdosed phytase (Stewart et al.,
2018) can improve semen quality in boars, the present study did not strongly support these
findings. One challenge in the present study is the concept of environmental acclimatization.
Acclimatization is described as the physiological response of an animal to multiple stressors,
which in this case represent temperature and humidity (Roy and Collier, 2012). In the present
study, data loggers were present in the barns prior to conducting the study and indicated that the
average temperature in the barns three weeks prior to initiation of the study were 22.2 ± 3.9℃
and RH of 67.8 ± 11.0% (Mean ± standard deviation). Following this, was the PreHS phase
which had an average temperature of 26℃ ± 0.7℃ and RH of 55.6 ± 2.2% (LS Means ± SE) and
the HS phase with an average temperature of 30.2 ± 0.7℃ and RH of 39 ± 2.2% (LS Means ±
SE). Additionally, the study was conducted in mid-September in Indiana, following a hot and
humid summer, where the boars were likely still accustomed to. Coming off of summer heat and
the gradual step up in temperature likely allowed the boars to acclimatize to the environment
rather quickly. Acclimatization reduces the overall impact of stressors, resulting in a less
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pronounced response by the animal (Roy and Collier, 2012). It is suggested that the upper critical
temperature in boars is near 27°C (Stone, 1982). The PreHS phase was approaching this upper
critical temperature and may have initiated a minor stress response that allowed the boars to
acclimatize to the subsequent phase. Finally, the boars in the present study had inherently low
semen quality as seen by their low total motility and relatively low percentage of
morphologically normal sperm in PreHS which was likely due to the genetics of the boars used.
Their low semen quality may have prevented the possible improvements by the dietary
supplements.

3.5

IMPLICATIONS
This study evaluated betaine and superdosed phytase as heat stress mitigation in boars.

The mild heat stress imposed on the boars impacted sperm quality but did not impact semen
production. Betaine appears to have partially mitigated the effects of heat stress on sperm
morphology, however did not greatly impact motility or progressive motility. The present study
did not show an improvement in semen production with the superdosed phytase treatment, which
has been shown previously. It is possible that the boars were acclimatized to the stress in the
present study, which may have mitigated the responses to the heat stress. More research is
needed to determine if betaine and (or) superdosing phytase have a role in heat stress mitigation
and semen characteristics.
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Table 3.1 Diet Formulations
1

Provided per kg of diet: 6,614 IU of Vitamin A; 661 IU of Vitamin D, 70.5 IU of Vitamin E;
2.20 mg of Vitamin K; 38.6 μg of Vitamin B12; 8.82 mg of riboflavin; 22.05 mg of pantothenic
acid; 33.1 mg of niacin; 0.265 mg of biotin; 1.98 mg of folic acid; 661.5 mg of choline; 5.95 mg
of pyridoxine; 0.238 mg of chromium; 59.5 mg of carnitine; 121.3 mg of Fe; 121.3 mg of Zn;
15.0 mg of Mn; 11.3 mg of Cu; 0.46 mg of I; 0.30 mg of Se.
2
Rabon an oral larvicide (Bayer HealthCare LLC, Animal Health Division; Shawnee Mission,
KS, 66201); Defusion Plus was used to bind mycotoxins (Provimi North America, Brookville,
OH 45309)
3
Vistabet (AB Vista, Marlborough, UK)
4
Quantum Blue (AB Vista, Marlborough, UK); Control (CNT) & Betaine (BET) contained 250
FTU/kg phytase; Betaine plus superdosed Phytase (BP) contained 2,500 FTU/kg phytase
Ingredient, %
CNT
BET
BP
Corn
65.27
64.64
64.64
SBM
15.40
15.40
15.40
DDGS
12.50
12.50
12.50
Fish Meal
2.50
2.50
2.50
Swine Grease
1.00
1.00
1.00
Limestone
1.13
1.13
1.13
Monocalcium Phosphate
0.39
0.39
0.39
1
Vitamin and Trace Mineral Premix
0.72
0.72
0.72
Salt
0.50
0.50
0.50
Rabon2
0.13
0.13
0.13
2
Defusion Plus
0.25
0.25
0.25
3
Betaine
0.00
0.63
0.63
4
Corn + Phytase Premix
0.20
0.20
0.20
Formulated Compostion
Metabolizable Energy, kcal/kg
3309.8 3288.4 3288.4
Crude Protein, %
17.6
17.6
17.6
SID Lysine, %
0.7
0.7
0.7
SID Methionine, %
0.3
0.3
0.3
Ca, %
0.7
0.7
0.7
Total P, %
0.5
0.5
0.5
Available P, %
0.3
0.3
0.3
Analyzed Composition, %
Dry Matter
88.92
88.83
88.83
Crude Protein
17.53
17.40
17.70
Ash
5.19
5.30
5.37
Fat
5.20
5.03
4.82
Acid Detergent Fiber
3.52
4.10
4.05
Neutral Detergent Fiber
13.05
14.05
14.49
Betaine, g/kg
0.19
10.15
11.24
Phytase Activity, FTU/kg
301.0
286.0 2100.0
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Table 3.2 Semen production and quality parameters prior to dietary treatment1
1

Post-hoc analysis of semen production and quality parameters prior to feeding of dietary
treatments
On Farm Semen
Semen Volume, mL
Concentration, x 109 sperm per mL
Total Sperm, x 109 sperm
Motility Parameters
Total Motility, %
Progressive Motility, %
Morphology Parameters
Normal, %
Proximal Droplets, %
Distal Droplets, %
Distal Mid-Piece Retroflection, %
Tail Abnormalities, %

CNT

BET

BP

SE

P Values

222.3
0.332
69.7

196.2
0.327
63.2

231.4
0.294
64.2

17.3
0.029
5.2

0.24
0.61
0.62

66.2
61.3

73.2
66.8

72.6
66.6

5.1
4.6

0.57
0.61

67.5
5.4
7.8
11.5
6.8

75.6
2.7
8.0
6.5
6.5

76.0
5.5
6.5
4.1
7.2

5.3
1.3
1.6
3.3
1.3

0.45
0.25
0.77
0.27
0.86
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Table 3.3 Effect of Environmental Phase on Body Temperature, Respiration Rate and
Semen Quality Parameter LS Means Estimates in Boars1
1

Means within rows with differing letters are different (P < 0.005); N = 27 boars
PreHS= Pre-Heat Stress (weeks 1-4); HS= Heat Stress (weeks 5-8); Post1= Post-Heat Stress
Phase 1 (weeks 9-12); Post2= Post-Heat Stress Phase 2 (weeks 13-16)
2

PreHS2

HS2

Post12

Post22

SE

P Values

38.1a
35.8a
33.4a

38.2b
36.4b
33.0a

37.3c
31.2c
27.7b

37.0d
31.2c
28.9c

0.1
0.1
0.1

< 0.01
< 0.01
< 0.01

38.0a
36.2a
33.6a

38.3b
37.1b
33.3a

38.1a
30.9c
28.6b

37.8c
30.8c
29.6c

0.03
0.1
0.1

< 0.01
< 0.01
< 0.01

Respiration Rate, breaths per min

37.3a

50.8b

21.1c

20.0c

1.3

< 0.01

On Farm Semen
Semen Volume, mL

232.7a

257.9b

246.4ab

7.9

< 0.01

Concentration, x 109 sperm per mL

0.306a

235.2a
0.324a
b

0.310a

0.348b

0.01

< 0.01

Total Sperm, x 109 sperm
Motility Parameters
Total Motility, %
Progressive Motility, %
Morphology
Normal, %

66.8a

73.6b

76.9bc

81.2c

3.0

< 0.01

72.7a
67.9ac

58.5b
55.3b

68.1c
65.2a

73.5a
70.3c

1.6
1.3

< 0.01
< 0.01

73.3ac

64.9b

70.4a

76.0c

2.3

< 0.01

Morning Temperatures
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Afternoon Temperatures
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC

Table 3.4 Effect of Dietary Treatment on Bodyweight, Body Temperature, and Respiration Rate Parameter LS Means in
Boars1
1

Means within rows with differing letters are different (P < 0.05)
Dietary treatments consisted of control (CNT), control supplemented with betaine (BET), and control supplemented with betaine and
superdosed phytase (BP)
3
Body weight was measured on weeks -1, 5 (heat stress), 9 (post heat stress phase 1), and 16 (end of post heat stress 2), with body
weight at week -1 used as a covariate.
4
Animal temperatures and respiration rates were taken twice a week at 1400 hours. Animal temperatures were also measured at 0600
hours twice a week.
2

Treatment2
CNT
BET
BP

SE

TRT

Average Body Weight,
kg3

257.5

262.1

260.3

2.4

Morning Temperature4

CNT

BET

BP

Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Afternoon Temperature4
Rectal, ºC
Ear Skin, ºC
Scrotal Skin, ºC
Respiration Rate,
breaths per min4

37.7
33.5
30.6

37.6
33.5
30.8

38.1
33.7
31.0a
31.3

TRT*Wk

P Values
CNT vs BET, BP

BET vs BP

0.371

0.568

0.203

0.58

SE

TRT

TRT*Phase

CNT vs BET, BP

BET vs BP

37.6
33.9
30.8

0.1
0.2
0.1

0.94
0.12
0.25

0.35
0.78
0.06

0.74
0.29
0.11

0.91
0.06
0.88

38.0
33.7
31.6b

38.0
33.8
31.3ab

0.04
0.1
0.1

0.92
0.73
0.01

0.21
0.77
0.30

0.70
0.51
0.01

0.93
0.66
0.06

33.2

32.4

1.9

0.76

0.24

0.51

0.78
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Table 3.5 Effect of dietary treatment on serum mineral and urea nitrogen LS Means estimates in boars1
1

Means within rows with differing letters are different (P < 0.05)
Dietary treatments consisted of control (CNT), control supplemented with betaine (BET), and control supplemented with betaine and
superdosed phytase (BP)
3
Environmental phase; Blood was collected at weeks -1, 5, 9, and 16, where week -1 was used as a covariate and was prior to feeding
dietary treatments, week 5 was in the first week of the heat stress phase, week 9 was the first week of the first post heat stress phase,
and week 16 was the last week of the study (end of post heat stress 2)
2

Calcium, mg/L
Copper, mg/L
Iron, mg/L
Potassium, mg/L
Magnesium, mg/L
Sodium, mg/L
Phosphorous, mg/L
Sulfur, mg/L
Zinc, mg/L
Urea Nitrogen, mg/mL

CNT
105.86
1.82b
8.48
487.57
16.81
1766.7
74.35
953.31
0.680
0.149

Treatment2
BET
107.52
1.99a
9.73
541.04
17.92
1781.0
85.78
974.17
0.729
0.152

BP
105.71
1.82b
5.72
483.46
17.79
1732.0
94.77
955.43
0.804
0.170

SE
0.95
0.05
3.23
84.79
0.63
24.6
9.75
18.19
0.07
0.009

TRT
0.35
0.03
0.69
0.84
0.41
0.31
0.35
0.68
0.44
0.20

TRT*Phase3
0.09
0.89
0.06
0.15
0.34
0.34
0.49
0.39
0.25
0.44

P Values
CNT vs BET, BP
0.52
0.16
0.84
0.79
0.19
0.74
0.20
0.61
0.32
0.39

BET vs BP
0.19
0.02
0.40
0.65
0.89
0.14
0.51
0.46
0.43
0.09
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Table 3.6 Effect of dietary treatment on semen quality parameter LS Means estimates in boars1
1

Columns within rows with differing letters are different (P < 0.05)
Dietary treatments consisted of control (CNT), control supplemented with betaine (BET), and control supplemented with betaine and
superdosed phytase (BP)
3
ALH= Anterior Lateral Head Displacement; BCF= Beat Cross Frequency; DAP= Average Path Distance; DSL= Straight-line
distance; DCL= Curvilinear Distance; VAP= Average Path Velocity; VSL= Straight-line Velocity; VCL= Curvilinear Velocity; STR=
Straightness; LIN= Linearity; WOB= Wobble
2
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On Farm Analysis
Volume, mL
Concentration, x 109
sperm per mL
Total Sperm, x 109 sperm
Mobility Parameters3
ALH, μm
BCF, μm per s
DAP, μm
DSL, μm
DCL, μm
VAP, μm per s
VSL, μm per s
VCL, μm per s
STR, %
LIN, %
WOB, %
Motility Parameters
Total Motility, %
Progressive Motility, %
Morphology
Normal, %
Proximal Droplet, %
Distal Droplet, %
DMR, %
Tail, %

Treatment2
CNT
BET
BP
246.8
236.3
246.1

SE
9.4

TRT
0.57

TRT*Phase
0.01

P Values
CNT vs BET, BP
0.54

BET vs BP
0.38

0.320

0.329

0.317

0.015

0.75

0.06

0.81

0.47

75.0

74.5

74.3

3.7

0.99

0.83

0.88

0.95

5.2
32.7
25.4
20.9
44.6
60.9
50.5
104.8
82.2
49.7
59.3

5.1
33.8
26.0
21.7
44.7
61.4
51.3
104.6
83.3
50.5
59.5

5.3
33.8
26.5
22.2
45.8
63.2
52.8
108.2
83.2
50.1
59.6

0.1
0.3
0.6
0.5
1.1
1.7
1.4
3.1
0.5
0.7
0.7

0.59
0.07
0.50
0.19
0.70
0.60
0.50
0.66
0.24
0.74
0.93

0.51
0.15
0.36
0.11
0.53
0.30
0.16
0.56
0.38
0.41
0.22

1.00
0.02
0.31
0.09
0.64
0.51
0.37
0.69
0.10
0.52
0.71

0.31
0.85
0.58
0.52
0.47
0.45
0.46
0.41
0.95
0.72
0.98

66.1
66.0

68.1
63.1

70.3
65.0

2.3
2.0

0.38
0.55

0.71
0.72

0.29
0.43

0.50
0.39

67.4
3.6
9.5
6.3
4.4

71.8
3.8
8.2
6.8
4.0

74.3
3.0
10.2
6.5
3.6

3.5
0.6
1.2
1.7
0.8

0.27
0.16
0.22
0.95
0.08

0.26
0.02
0.01
0.01
0.17

0.16
0.67
0.78
0.81
0.05

0.56
0.07
0.08
0.84
0.30
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Table 3.7 Effect of dietary treatment and environmental phase on semen quality LS Means
estimates in boars1
1

Different superscript letters within row are different (P < 0.05); No differences were detected
within environmental phase (columns) for each respective parameter.
2
Environmental phases: Pre-heat stress (PreHS; weeks 1-4), heat stress (HS; weeks 5-8), postheat stress 1 (Post1; weeks 9-12), post-heat stress 2 (Post2; weeks 13-16); Post heat stress phases
were split into two due to the latent effects on semen quality
3
P values represents the overall interaction effect of dietary treatment (TRT) by environmental
phase (Phase) for each respective parameter
4
Dietary treatments: Control (CNT), betaine supplemented (BET), betaine and superdosed
phytase (BP)
5
Distal Mid-piece Retroflection (DMR)
Volume, mL
CNT4
BET4
BP4
Concentration, x 109
sperm/mL
CNT
BET
BP
Proximal Droplets, %
CNT
BET
BP
Distal Droplets, %
CNT
BET
BP
DMR5, %
CNT
BET
BP

PreHS
224.5a
216.1a
257.6

Phase2
HS
Post1
ab
250.6
267.3b
ab
226.7
257.0b
228.3
249.4

P value3
TRT*Phase

Post2
244.9ab
245.3ab
249.0

SE
11.9
11.3
11.3

0.301a
0.319
0.297

0.302a
0.336
0.335

0.301a
0.321
0.307

0.376b
0.339
0.330

0.02
0.02
0.02

0.06

3.2ad
3.5
2.7ab

5.1bc
4.4
4.1a

4.5ac
3.5
3.6ab

1.6d
3.6
1.8b

0.7
0.7
0.7

0.02

8.6a
7.8
11.4

13.5b
9.3
11.5

7.9a
7.9
9.9

8.1a
7.8
8.0

1.4
1.4
1.3

0.01

7.9
5.9
6.8

7.9
6.8
6.8

5.4
8.4
5.8

3.9
6.2
6.8

1.9
1.6
1.6

0.01

0.01
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Figure 3.1 Phase effects for ambient temperature and relative humidity
Post1 (wk 9-12)c,x Post2 (wk 13-16)c,x 70
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Date

Ambient barn temperature is plotted on the primary y-axis and relative humidity is plotted on
the secondary y-axis. Betaine and superdosed phytase were supplemented to boars and
reproductive performance was evaluated in four phases: pre-heat stress (Pre-HS), heat stress
(HS), post-heat stress 1 (Post1), and post-heat stress 2 (Post2). Each phase consisted of 4 weeks
of semen analysis. Ambient temperature and relative humidity of the barn were measured every
30 minutes via data loggers, were averaged per week, and statistically analyzed by phase. Data in
this figure represents LS Means ± SE for the daily average temperature and relative humidity.
Ambient temperature was higher in the PreHS phase compared to the Post1 and Post2 phases and
did not differ in the Post1 and Post 2 phase. Ambient temperature was greater during HS
compared to all other phases. Relative humidity was significantly decreased during the HS phase
(due to the nature of the heating) compared to the other phases, which were not different from
each other. abc Indicate phase differences for ambient temperature P < 0.05; xy Indicate phase
differences for relative humidity P < 0.05.
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Figure 3.2 Phase effects for total sperm production and total motility
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Total sperm production is plotted on the primary y-axis with total motility plotted on the
secondary y-axis. Betaine and superdosed phytase were supplemented to boars and reproductive
performance was evaluated in four phases: pre-heat stress (Pre-HS), heat stress (HS), post-heat
stress 1 (Post1), and post-heat stress 2 (Post2). Each phase consisted of 4 consecutive weeks of
semen collection, where semen was collected from each boar weekly. Data in this figure
represents LS Means ± SE for weekly sperm production and motility. Total sperm production
increased with time as the study went on, characteristic of maturing boars. Total motility was
substantially reduced in HS, intermediate in Post1, and greatest in PreHS and Post2. abc Indicate
phase differences for total sperm production P < 0.05; xyz Indicate phase differences for total
motility P < 0.05.
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Figure 3.3 Treatment by phase effects for incidence of distal droplets
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Betaine and superdosed phytase were supplemented to boars and reproductive performance was
evaluated in four phases: pre-heat stress (PreHS), heat stress (HS), post-heat stress 1 (Post1), and
post-heat stress 2 (Post2). Each phase consisted of 4 weeks of semen analysis. Diets consisted of
control (CNT), betaine supplemented only (BET), and betaine and superdosed phytase
supplemented (BP). There were no treatment differences within each phase. Control boars had a
significant increase in distal droplets from PreHS to HS (4.9% increase), whereas BET and BP
had only a minor increase (1.5 % and 0.1 %, respectively). Control boars during HS had a
significantly greater incidence of distal droplets compared to CNT during PreHS, Post1 and
Post2, BET during PreHS, Post1 and Post2, and BP during Post2 (P < 0.05). ab Data points with
differing letters are different (P < 0.05).
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EFFECTS OF SUPPLEMENTAL VITAMINS DURING
THE SUMMER IN A COMMERCIAL AI BOAR STUD

4.1

ABSTRACT
The purpose of this experiment was to evaluate the effects of increased supplemental

vitamins on boar reproduction during the summer season in a commercial boar stud. One
hundred and sixty PIC terminal line boars (T; n = 32 per treatment) and 39 maternal, heat
sensitive boars (H; n = 7 or 8 per treatment) were randomly allocated to treatment and fed a corn
and soybean meal-based diet adjusted based on individual boar body condition score.
Supplemental vitamins were given in the form of a top-dress and consisted of: control wheat
mids (CNT), control plus vitamin C (VC; 560 mg/d), control plus 25-hydroxy vitamin D3 (VD;
125 μg/d), control plus vitamin E (VE; 275 mg/d), and control plus vitamin C, 25-hydroxy D3,
and E (CDE). The experiment was split into 3 phases based on maximum daily high
temperatures in the barn where phase 1 was weeks 1-4, phase 2 was weeks 5-11, and phase 3 was
weeks 12-14. Semen was collected from boars as needed based on the stud’s normal production
schedule and was analyzed for sperm quantity and quality. There were no dietary effects for
semen volume, sperm concentration, or total sperm production (P ≥ 0.553). Total motility of
sperm was not impacted by diet (P = 0.115), however VC tended to have a greater progressive
motility than CDE (P = 0.064). Percentage of morphologically normal sperm and normal
acrosomes were not affected by dietary supplementation (P ≥ 0.157). Phase effects were
observed for most semen quality parameters, where in general quality was reduced over time.
The present study demonstrates that additional supplementation with vitamins above current
inclusion levels was not beneficial for boar reproduction.
Keywords: swine, heat stress, seasonality, semen production, vitamins
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4.2

IMPLICATIONS
The present study evaluated the use of increased supplementation of vitamins to boar

diets in a commercial boar stud setting during the summer months. This has production and
economic importance to the industry, as producers observe a decrease in reproductive
performance annually during the summer. The use of increased supplemental vitamins is an
attempt to mitigate the effects of this seasonality through nutrition with vitamins C, D and E.
These vitamins have been previously shown to improve reproductive performance in boars and
are being further tested on a commercial scale. The results of this study could influence the
formulation of commercial boar diets.

4.3

INTRODUCTION
In commercial swine production, both sows and boars are susceptible to reduced

reproductive performance as a result of elevated ambient temperatures and humidity. It is
thought that the reductions in reproductive performance during this seasonal infertility are a
direct result from elevated temperatures above the animal’s thermoneutral zone. Heat stress in
the boar results in reductions in sperm production, total motility, and morphologically normal
spermatozoa in the ejaculate (McNitt and First, 1970; Wettemann et al.,1976; Wettemann et
al.,1979; Malmgren and Larsson, 1989). These factors cause increases in discard rates for
ejaculates and decreases in the number of possible insemination doses. In 2008, a survey of U.S.
boars studs reported that season was a major factor resulting in discarded ejaculated due to
abnormal sperm in 58% of the survey responses (Knox et al.,2008).
Dietary supplementation with various micronutrients, such as vitamins, has been
evaluated in boars with unequivocal results. Vitamin E has typically been studied in
combination with selenium for their antioxidative effects and has been shown to improve semen
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output in boars (Marin-Guzman et al.,1997; Marin-Guzman et al.,2000). One study evaluating
Vitamin C supplementation to boars during a summer heat stress resulted in increased semen
output (Lin et al.,1985). A study in rabbits suggests that supplementation with elevated vitamin
C and vitamin E improved semen output, however, supplementation with vitamin C and low
levels of vitamin E was detrimental to semen production (Castellini et al.,2000). Vitamin D
deficiency has been shown to cause reproductive failure in rats and mice (Halloran and Deluca,
1980; Kwiecinski et al.,1989; Kinuta et al.,2000). More recently, vitamin D3 supplementation to
boars resulted in improved sperm membrane integrity, acrosome intactness, and sperm motility,
as well as reduced sperm abnormalities (Lin et al.,2017). The study by Lin et al. (2017) fed an
inactive form of vitamin D (vitamin D3), which must be converted to 25-hydroxy vitamin D3 in
the body, however supplementation with the active form of vitamin D (25-hydoxy vitamin D3)
has yet to be investigated. Genetic selection for economically important traits has made great
progress over the last 20 years in the swine industry. With these advancements, some genetic
lines of boars have become more susceptible to heat stress than others. With the effects of global
climate change increasing the number of extremely hot days each year, investigations into
strategies to mitigate negative impacts of heat on reproduction in various genetic lines of boars is
warranted. Therefore, the objective of the present study was to investigate the use of vitamin
supplements as mitigants of summer heat stress in boars from two genetic lines.

4.4
4.4.1

MATERIALS AND METHODS
ANIMALS AND EXPERIMENTAL DESIGN

The study was performed at a commercial boar stud in West Manchester, Ohio and was
conducted during the summer months from May 15 through August 18, 2017. Two genetic lines
were used in the study, a PIC terminal line (T, n = 160) and a PIC maternal line prone to heat
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stress (H, n = 39). High and low daily temperature and relative humidity (RH) were recorded at
three, equidistant locations in the barn using digital thermometers. Based on the analysis of high
temperature and high humidity, three phases with repeated measures by week were determined
and utilized for statistical analysis for all parameters measured (Figure 4.1). The phases consisted
of phase 1 (P1; weeks 1-4; mean high temperature of 22.4 ± 0.4℃ and mean high RH of 83.6 ±
1.3%), phase 2 (P2; weeks 5-11; mean high temperature of 24.2 ± 0.2℃ and mean high RH of
94.9 ± 0.9%), and phase 3 (P3, weeks 12-14; mean high temperature of 22.7 ± 0.4℃ and mean
high RH of 87.5 ± 1.3%). Boars were limit fed a commercial corn and soybean meal-based diet
(Table 4.1) that met or exceeded the nutrient requirements for boars, with the amounts provided
adjusted based on individual boar body condition and were randomly allotted to receive one of
five dietary top-dresses containing: control (CNT), vitamin C (VC; 560 mg/d vitamin C;
Rovimix Stay-C 35, DSM), 25-hydroxy vitamin D3 (VD; 125 μg/d 25-hydroxy vitamin D3;
Rovimix HyD, DSM), vitamin E (VE; 275 mg/d vitamin E; Rovimix E-50 Adsorbate, DSM), or
vitamins C, D and E (CDE). These top dresses were selected to test the efficacy of the active
form of vitamin D against control and previously tested vitamins and a treatment testing their
addition potential combination of all three vitamins. All supplements were mixed with wheat
middlings and calcium carbonate and top dressed daily (approximately 46 g/d). The five dietary
treatments and two genetic lines represented lead to ten treatment groups consisting of: T-CNT,
T-VC, T-VD, T-VE, T-CDE, H-CNT, H-VC, H-VD, H-VE, and H-CDE (genetic line-dietary
treatment). Feed samples were collected at weeks 2 and 12 of the study and were sent to DSM
Nutritional Products, Inc (Belvidere, NJ 07823) for vitamin quantification.
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4.4.2

FEED ANALYSIS

As fed feed samples were collected at week 2 and 12, and sent to DSM for vitamin concentration
analysis. Analysis for vitamin C was performed following a modified version of AOAC official
method 967.21 for ascorbic acid using high pressure liquid chromatography (HPLC; AOAC,
2016). Vitamin D3 was analyzed following a modified version AOAC official method 2011.12
using liquid chromatography tandem mass spectrometry (LC-MS/MS; AOAC, 2016). Analysis
of 25-hydroxy vitamin D3 consisted of sample mixture with d6-25-hydroxy vitamin D3 internal
standard (for quantification), extraction with methyl tert-butyl ether, purification with HPLC, and
analysis by LC-MS/MS using a quadrupole analyzer (Agilent 6130). Vitamin E analysis was
conducted following the modified protocol AOAC official method 971.30 for α-tocopherol and
α-tocopherol acetate using HPLC fluorescence (AOAC, 2016).
4.4.3

SEMEN ANALYSIS

Semen was collected from boars according to the regular production schedule of the boar stud
and consisted of an average of 171 collections per week with an average of 6.6 days rest between
collections (28.0 ± 2.3 collections per diet per week for T and 6.3 ± 0.6 collections per diet per
week for H; mean ± SD). Semen was analyzed on the farm immediately after collection using
computer assisted sperm assessment for motility parameter estimates (CASA; SpermVision;
MOFA Global, Verona, WI 53593), a digital scale for semen volume (where it was assumed that
1g of semen was equivalent to 1 mL; Matson et al., 2010), and spectrophotometry for sperm
concentration (Libra S6, Biochrom, Holliston, MA 01746). Total sperm production was
calculated (semen volume * sperm concentration) in order to assess the number of sperm
produced per ejaculate. During weeks 2 (P1), 6 (P2) and 12 (P3) of the study, semen was
sampled from a subset of 80 boars (n = 12 for line T per dietary treatment; n = 4 for line H per
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dietary treatment), diluted in a commercial extender (NutrixCell+; IMV Technologies, Maple
Grove, MN 55369) and transported to Purdue University by a semen delivery truck, as is done
for commercial delivery of semen. Upon arrival at Purdue University, 1 mL of semen per sample
was preserved with 100 μL of 10% formalin within 15 h of semen collection and was analyzed
within 30 h after preservation for morphological abnormalities and acrosome integrity. Sperm
morphological analysis was conducted using phase contrast microscopy (40x), where a minimum
of 200 sperm were counted and categorized as normal, or containing a proximal droplet, distal
droplet, distal mid-piece retroflection (DMR), or tail abnormality. Acrosome integrity analysis
was performed using phase contrast microscopy (100x oil immersion), where 100 sperm were
counted and categorized as containing a normal or abnormal acrosome. Additionally, weekly
discard rate was calculated and analyzed.
4.4.4

SERUM ANALYSIS

Blood samples were taken from a subset of 80 boars (12 T boars and 4 H boars per dietary
treatment) at weeks 1 (prior to dietary supplementation) and 12. Blood was collected from boars
and stored at 4°C overnight prior to centrifugation at 1500 g for 25 minutes at 4°C. Serum was
harvested and stored at -20°C prior to vitamin analyses. No preservative was added to the tubes
prior to freezing; due to lack of a preservation step in this procedure, serum vitamin C degraded
prior to analysis, and thus vitamin C could not be analyzed. Vitamin D (25-hydroxyvitamin D3)
and Vitamin E were quantified by sending serum samples to Heartland Assays LLC (Ames, IA).
Vitamin D internal standards were added to the samples after protein precipitation and samples
were vortexed, mixed with hexanes, and centrifuged. The organic layer of the centrifuged
samples was transferred and dried. The samples were then resuspended for LC-MS/MS analysis
using HPLC (Agilent 1290 infinity) coupled with an electrospray triple quadrupole analyzer
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(Agilent 6460). For vitamin E, samples were extracted, mixed with internal standards, ethanol
and hexane chloroform, and the protein layer was removed. Samples were transferred, dried, and
reconstituted for HPLC with a photodiode array detector for analysis. Vitamin E was analyzed at
wavelengths of 292 nm and 286 nm for vitamin E and vitamin E acetate, respectively.
Concentration of vitamin E was calculated by comparing the standard curve to each sample
analysis.
4.4.5

STATISTICAL ANALYSIS
All statistical analyses were performed using an analysis of variance with F-tests in the

Mixed Procedure of SAS (v9.4). For CASA and semen production analysis, genetic line, dietary
treatment and phase were included as main effects with their interactions with individual boar as
the experimental unit. Collection technician and laboratory technician were utilized as random
effects, when appropriate. Number of days rest between collections, age, and average pre-trial
values were used as covariates. Average pre-trial values were calculated for semen production
and CASA parameters over a three-week period prior to initiation of the trial. For morphological
and acrosome analysis the statistical model consisted of genetic line, dietary treatment, and phase
as main effects with their interactions. Number of days rest between collections and age were
used as covariates. Weekly discard rates were analyzed with a statistical model that consisted of
genetic line, dietary treatment and phase as the main effects with their interactions. Total number
of collections per week was used as a covariate for weekly discard rate. All parameters measured
were repeated by week and utilized a compound symmetry covariate structure in order to
minimize Akaike Information Criterion. Tukey-Kramer adjustments were used for least square
means separations tests for all significant parameters. For vitamin analysis in boar serum, dietary
treatment, genetic line, and their interaction were used as main effects, with the week 1 serum
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concentration used as a covariate (week 1 serum was taken prior to feeding dietary treatments).
Statistical significance was defined as P ≤ 0.05 and a tendency was determined at P > 0.05 and P
≤ 0.10.

4.5

RESULTS
Diet formulations and as fed vitamin analyses are presented in Table 4.1. As fed vitamin

C was higher in the VC and CDE diets compared to CNT, VD and VE diets (P ≤ 0.001). As fed
25-hydroxy vitamin D3 tended to be greater in CDE compared to CNT and VE (P ≤ 0.065).
Vitamin D3 did not differ by diets (P = 0.232). The percentage of 25-hydroxy vitamin D3 out of
the total vitamin D fed was greater in CDE compared to CNT and VE (P = 0.022) and tended to
be greater than VC (P = 0.059), whereas VD tended to be greater than CNT and VE (P = 0.064).
As fed vitamin E tended to be greater for CDE compared to VC and VD (P ≤ 0.085), and VE
tended to be greater than VC (P = 0.066). In general, the mean values for each diet were as
expected based on vitamin supplementation, though not always statistically significant. Vitamin
concentrations in serum are summarized in Table 4.1. In the serum, 25-hydroxy vitamin D3 was
significantly greater in VD and CDE compared to the CNT, VC, and VE (P < 0.001), but was
greater for VD compared to CDE (P < 0.001). Vitamin E in serum did not differ by dietary
treatment (P = 0.820). Due to the fast degradation of VC, no VC analysis could be accurately
performed.
Daily high temperatures in the barn are compared with ambient high temperatures
recorded near the barns location in Ohio in Figure 4.1. Daily high temperature was greater in P2
than in P1 or P3 (P ≤ 0.004). Similarly, daily high relative humidity was greater in P2 (94.9 ±
0.9%) than in P1 (83.6 ± 1.3%) and P3 (87.5 ± 1.3%; P < 0.001) and tended to be greater in P3
than P1 (P = 0.089). Daily low temperature was greater in P2 (19.9 = ± 0.2°C) than in P1 (18.5 ±
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0.3°C) and P3 (18.7 ± 0.3°C; P ≤ 0.002). Daily low relative humidity was greatest in P2 (78.0 ±
1.6%), intermediate in P3 (70.6 ± 2.4%), and lowest in P1 (53.1 ± 2.3%;P ≤ 0.029).
Overall diet effects for semen production and quality parameters are presented in Table
4.2 and overall phase effects are summarized in Table 4.3. Semen volume was not affected by
diet or genetic line (P = 0.673 and P = 0.767, respectively), but was affected by phase (P <
0.001), where P3 was greater than P1 and P2 (P ≤ 0.001). Semen volume numerically increased
from P1 to P2 and P2 to P3, which is expected in growing boars. Sperm concentration was not
affected by diet or genetic line (P = 0.874 and P = 0.908, respectively), but was affected by
phase (P = 0.014), where P1 was greater than P2 (P = 0.013). There was no diet effect for total
sperm production (P = 0.553), however a phase effect was observed (P < 0.001), where P3 was
greater than P1 and P2 (P ≤ 0.008) and P1 tended to be greater than P2 (P = 0.106). A three-way
interaction of diet, phase and genetic line was observed for total sperm production (P = 0.003;
Figure 4.2), where H-VC P2 was less than H-VC P1, H-CDE P3, T-VC P1, and T-VC P3 (P ≤
0.049).
While there was no overall diet effect for total motility (P = 0.115), there was a
significant phase effect (P < 0.001), where total motility was reduced linearly from P1 through
P3 (P ≤ 0.001). Additionally, there was a significant diet by genetic line by phase effect for total
motility (P < 0.001; Figure 4.3), where H-CDE during P3 was significantly reduced (P ≤ 0.048)
compared to all other combinations except for H-CNT at P3 (P = 0.793), and P1 H-CNT was
greater than P3 H-CNT (P = 0.001). Like total motility, progressive motility had a three-way
interaction (P = 0.047), but no statistically significant differences were detected in the pairwise
comparisons. An effect of dietary supplementation was observed for progressive motility (P =
0.046), where CDE supplemented boars tended to have a reduced progressive motility compared
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to VC boars (P = 0.064). Total motile sperm production (viable sperm) was calculated by
multiplying the total sperm production by the percentage of total motility. For this, there was a
significant three-way interaction between diet, genetic line and phase (P = 0.009; Figure 4.4),
where H-VC had a reduced total motile sperm production in P2 compared to P1 (P = 0.006).
Overall, there was a phase effect for total motile sperm production (P = 0.001), where P2 was
reduced compared to P1 and P3 (P ≤ 0.009).
There was no effect of diet on percentage of morphologically normal sperm (P = 0.139)
but a phase effect was observed (P < 0.001), where percentage of morphologically normal sperm
was reduced linearly from week 2 through 12 (P ≤ 0.002). A significant three-way interaction
with genetic line, diet and week was observed for percent normal sperm morphology (P = 0.003,
Figure 4.5), where H-CDE at week 12 was lower than H-CDE at week 2 and T-VC at weeks 2
and 6 (P ≤ 0.042), and H-VD at week 12 was lower than T-VC at week 2 (P = 0.037). Percent
normal morphology tended to be lower for H-CDE at week 6 compared to week 2 (P = 0.064),
T-VE at week 12 tended to be lower compared to week 2 (P = 0.089), H-CDE at week 12 tended
to be lower compared to H-CNT at week 2 (P = 0.092), T-CDE at week 12 tended to be lower
compared to T-VC at week 2 (P = 0.095), and H-VC at week 12 tended to be lower compared to
week 6 (P = 0.097). There was a significant effect of week on incidence of proximal droplets (P
= 0.003), where week 12 had an increase in proximal droplets compared to weeks 2 and 6 (P ≤
0.034). Incidence of distal droplets had a significant genetic line by diet by week effect (P =
0.040; Figure 4.6), where H-CDE at week 2 was less than H-CDE at weeks 6 and 12 (P = 0.012
and P = 0.013, respectively), and tended to be greater for H-VD at week 12 compared to week 2
(P = 0.093). There was a significant three-way interaction for DMR (P = 0.001; Figure 4.7),
where H-CDE tended to be greater at week 12 than week 2 (P = 0.055), however, no other
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differences were detected (P ≥ 0.147). No differences were detected for incidence of tail
abnormalities (P = 0.967). A diet by week effect was observed for normal acrosome percentage
(P = 0.010; Figure 4.8), where CNT was lower at week 6 compared to weeks 2 and 12 (P ≤
0.021), and CNT at week 6 was lower than CDE at week 2, VD at week 2, and VE at week 2 (P
≤ 0.029). Overall for normal acrosomes, all diets were numerically reduced during week 6,
though the only statistically different decrease was for the CNT.
Weekly discard rate data are summarized in Tables 4.2 and 4.3 for diet and phase effects,
respectively. An overall diet effect was observed (P < 0.001) where CDE had a greater discard
rate than all other diets (P ≤ 0.010). The H-line boars had a greater discard rate than the T-line
boars (P = 0.015). Additionally, P3 had a greater discard rate than P1 and P2 (P = 0.003 and P =
0.050, respectively). A diet by phase effect was observed (P = 0.014), where CDE in P3 had a
greater discard rate (29.0 ± 3.6%) compared to VC in P1, P2, and P3 (4.8 ± 3.1, 5.5 ± 2.4, 5.5 ±
3.6%, respectively; P ≤ 0.001) and VE in P1 (1.8 3.1; P < 0.001). A diet by line effect was also
observed (P < 0.001), where H-CDE had a greater discard rate than all other genetic line by diet
combinations (P ≤ 0.001).

4.6

DISCUSSION
Though the as fed dietary analyses did not always result in statistical significance, the

concentrations suggest that the diets were fed as intended. However, other studies that fed
vitamins D and E reported significant increases in blood levels of these vitamins. Specifically,
Lin et al. (2017) fed boars 5, 50, and 100 μg/kg vitamin D3 and reported blood levels of 25hydroxy vitamin D3 at 33, 56, and 76 ng/mL, respectively. The present study fed a base diet
containing 59 μg/kg of 25-hydroxy vitamin D3 to all boars, where the VD and CDE boars were
fed an additional 1.2 g per day, which led to as fed levels nearing 0.7 g/kg. The serum results
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indicate that these diets had 100-fold more 25-hydroxy vitamin D3 than the control. However, the
VD and CDE diets only had 3-fold more 25-hydroxy vitamin D3 than VC. This discrepancy is
likely a result of sampling error. The VD serum results in the present study support the idea that
the diets were formulated as planned, though as fed vitamin analyses did not always differ
statistically. The lack of differences for VE could have resulted from the treatment diets being
too similar in vitamin E concentration, or that the vitamin E in the base diet was high enough that
there was a physiological limitation of absorption. Due the nature of vitamin C degradation, no
serum analysis could be conducted, however the results of the feed analysis suggest that vitamin
C was mixed properly. Additionally, neither the feed nor the serum samples were preserved after
sampling and thus degradation of the samples may have occurred prior to analysis and may
partially explain the feed and serum results.
While the phases of the study differed by both temperature and relative humidity, the
temperatures in the barn were mild with a maximum temperature of 28°C. While 28°C is
considered above the upper critical temperature for boars (27°C; Stone, 1982), this elevated
temperature only occurred on one day throughout the 14 wk study. The boar stud used to
conduct this study was equipped with a cool-cell system to filter and cool incoming air and
minimize the effects of heat stress during the summer. Daily high ambient (outdoor)
temperatures during the 14 wk study averaged around 27.6 ± 0.6°C (LS Means ± standard error)
with a maximum near 32.8°C during P2 whereas daily high barn temperature averaged around
24.2 ± 0.2°C (LS Means ± standard error) with a maximum near 28°C in P2. The estimated heat
index in the barn with a temperature of 24.2°C and relative humidity of 95% results in a heat
index of approximately 27°C (Rozeboom et al. 2000). This clearly demonstrates that the cool-
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cell system used in this barn effectively lowered the barn temperature below the accepted upper
critical temperature of boars.
The results of the present study indicate that vitamin supplementation had a minimal
effect on sperm production and semen quality during the summer months. However, the threeway interactions detected yielded similar patterns where in general the H line of boars had poorer
semen production and quality with greater variability among boars. The H line was selected due
to its susceptibility to heat stress but is not a highly utilized genetic line and thus animal number
was low for this group. The reduced animal number is likely a major cause for the variability
seen in the H line data, specifically for incidence of DMR. These boars appear to be more
impacted by vitamin supplementation and season than the T line, which had relatively little
variability and fluctuations between diets and timepoints. In the present study, percentage of
proximal droplets numerically increased from 6.8 to 7.9 to 10.5 ± 1.5% in weeks 2, 6 and 12,
respectively. The linear reduction in percentage of normal sperm observed in the present study
was partially explained by this linear increase in proximal droplets over time. Increased
incidence of proximal droplets has been shown to occur during heat stress events in boars
(Malmgren, 1989). The reduction in percentage of normal acrosomes for the CNT, but not the
other treatments suggests that the supplementation with VC, VD, VE or the combination (CDE)
may have mitigated the negative effects of heat stress on acrosome quality.
Vitamin C and E are known antioxidants and most studies utilizing them have reported
improved semen production in boars (Lin et al.,1985; Marin-Guzman et al.,1997; MarinGuzman et al.,2000). Additionally, Kolodziej and Jacyno (2005) reported improved sperm
production and quality from boars that were supplemented with vitamin E and selenium.
Vitamins C and E both act as antioxidants and scavenge for radical oxygen species (as reviewed
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by Bendich et al., 1986 and Yamauchi, 1997). These antioxidant effects of vitamin C and E can
prevent damage to sperm during production and epididymal transport, where reactive oxygen
species could otherwise result in spermatozoa damage and apoptosis. However, supplementation
with vitamin C and E did not appear to improve semen production or quality in the present study.
Marin-Guzman et al. (2000) fed either 0 or 147 mg/kg of vitamin E and Kolodziej and Jacyno
(2005) fed either 30 or 60 mg/kg of vitamin E, where the base diet of the present study contained
107 mg/kg of vitamin E. This high level of vitamin E in the control diet and the lack of a
response in the supplemented diets (VE and CDE) suggests that the CNT diet contained a
sufficient concentration of vitamin E, however without a negative control with no vitamin E, this
remains a hypothesis. Vitamin C results have been variable in the literature, where some studies
have reported no benefit of vitamin C supplementation in boars (Audet et al.,2004), and humans
(Rolf et al.,1999). This may be due to genetics, stress level, or the level of supplementation.
Vitamin D has been shown to be important for reproduction, where deficiencies in
vitamin D result in reduced fertility (Halloran and Deluca, 1980; Kwiecinski et al., 1989).
Vitamin D normally functions to regulate calcium balance in cells, which may serve as the
mechanism for improving reproduction. One study reported that ovarian cells supplemented with
vitamin D had increased estradiol production (Parikh et al., 2010) and it has been suggested that
vitamin D is an important factor for aromatase activity (Kinuta et al., 2000). To the authors’
knowledge, only one study has investigated the specific role of vitamin D on boar reproduction,
and that study reported improved sperm quality (Lin et al.,2017). The study by Lin et al. (2017)
was conducted at temperatures between 22 and 25°C and utilized three levels of vitamin D3,
whereas the present study supplemented with 25-hydroxy vitamin D3. Blood levels of 25hydroxy vitamin D3 were similar for the control boars in the present study and the study by Lin
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et al., however the VD and CDE diets in the present were nearly double the levels in the Lin
study. This discrepancy may be due to the form of vitamin D3 fed. It may also explain the lack of
results in the present study, where it is possible that the VD and CDE diets were nearing toxic
levels of vitamin D for boars. This may also explain the negative effects seen in the CDE diet.
Though there were no overall dietary effects on semen production or quality, the present
study demonstrated phase effects indicating seasonal changes in production. The ambient
temperature data would suggest that summer heat stress could be a possible explanation,
however the daily high temperatures in the barn do not support this theory. The cool-cell system
in the barn clearly lowered the barn temperature, maintaining it below the boars’ upper critical
temperature of 27°C (Stone, 1982), with only a few isolated incidents at or slightly above it. The
phase effects observed could be a result of two possible hypotheses. First, the concept of
seasonality in pigs has been previously reported. Sows, for example, have been shown to have
reduced fertility and increased nonproductive days in summer and early fall (Britt et al.,1983;
Auyigne et al.,2010). Interestingly, Auyigne et al. (2010) reported that the reduced fertility was
observed regardless of ambient temperature. Prunier et al. (1994), however, suggested that
seasonality in pigs was in fact caused by temperature and was not related to photoperiod, which
was suggested in the other studies. In that study, sows were subjected to shortening and
lengthening light regiments in both summer and winter and reported that sows that farrowed in
July had a greater wean to estrus interval than those that farrowed in January (Prunier et
al.,1994). However, the authors did not discuss the source of semen used for artificial
insemination of the sows, which may have been the source of the summertime reduction in
fertility. In the present study, semen was collected from boars overnight and there were no
windows in the barn for external light. Alternatively, the seasonal effects of the present study
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could be due to genetic selection for lean, efficient growth in pigs. This selection may have
inadvertently lowered the upper critical temperature of the boars, which has been reported in
finishing pigs (Brown-Brandl et al.,2013). Further research is needed to determine the upper and
lower critical temperatures for modern day boars to further define the ideal temperature range.
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Table 4.1 Proximate diet formulations, as fed vitamin analyses and serum vitamin analyses1
1

Proximates of the formulation for the basal diet that was fed to all boars throughout the study
Feed analysis for the supplemental vitamins (top-dressed) on an as fed basis; ab Different letters within a row are different (P < 0.05);
xyz
Different letters within a row tend to differ (P ≤ 0.10)
3
Serum analysis for vitamin concentration; Vitamin C could not be analyzed due to degradation of the samples; abc Different letters
within row are different (P ≤ 0.05)
2

Metabolizable Energy, Kcal/lb
Crude Protein, %
Crude Fat, %
NDF, %
Digestible Lys, %
Vitamin D, μg/kg
Vitamin E, g/kg
Selenium, mg/kg
Ascorbic Acid, mg/kg

Base Diet
Formulation
1403.19
14.02
3.43
11.49
0.7
58.42
0.107
0.603
0.45

Feed Analysis
Vitamin C, mg/kg
25-Hydroxy Vitamin D3, μg/kg
Vitamin D3, μg/kg
Vitamin E, g/kg

CNT
0.1a
0.1x
82.1
0.081

Top-Dress Diet
VC
VD
VE
262.5b
10.1a
0.1a
7.6
20.0
0.1x
91.8
67.8
84.6
x
xy
0.065
0.075
0.129yz

Serum Analysis3
25-Hydroxy Vitamin D3, ng/kg
Vitamin E, μg/kg

37.4a
1.63

37.4a
1.55

2

165.2b
1.58

40.1a
1.73

CDE
245.0b
25.0y
47.8
0.134z

SE
26.4
4.3
17.8
0.011

P value
Diet
0.002
0.042
0.232
0.032

133c
1.60

4.7
0.12

< 0.001
0.820
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Table 4.2 Effect of diet supplementation on semen production and quality parameters1
1

Columns separated with differing letters tend to differ (0.05 < P ≤ 0.10). ab Different columns
within rows are different (P ≤ 0.05)

Production
Volume, mL
Concentration, x109/mL
Total Sperm, x109
Total Motile Sperm, x109

Diet
CNT
VC
VD
VE
CDE
230.6 233.9 235.0 222.0 231.7
0.442 0.421 0.438 0.447 0.437
95.4 94.0 98.0 92.2 98.7
84.7 85.7 87.5 82.8
87

SE
8.0
0.019
3.4
3.2

P Value
Diet
0.673
0.874
0.553
0.800

Motility
Total Motility, %
Progressive Motility, %

CNT
90.4
67.3

VC
91.1
67.7x

VD
90.0
66.9

VE
91.0
67.0

CDE
88.4
63.0y

SE
1.0
1.6

Diet
0.115
0.046

Morphology
Normal, %
Proximal Droplets, %
Distal Droplets, %
DMR, %
Tail Abnormalities, %
Normal Acrosome, %

CNT
76.5
5.7
10.8
4.9
2.1
92.3

VC
73.6
5.8
11.5
6.9
2.3
93.5

VD
64.7
7.8
12.8
11.7
2.9
92.5

VE
74.3
5.6
8.9
8.7
2.6
93.0

CDE
65.1
10.5
15.7
6.6
2.2
93.5

SE
4.9
3.5
2.9
3.1
1.2
1.1

Diet
0.157
0.735
0.380
0.459
0.975
0.879

Discard Rate, %

4.6a

5.3a

6.9a

6.4a

15.3b

1.8

< 0.001
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Table 4.3 Effect of environmental phase on semen production and quality parameters1,2
1

Three environmental phases were determined where P1 represented weeks 1-4, P2 represented
weeks 5-11, and P3 represented weeks 12-14. A subset of 80 samples were selected at weeks 2,
6, and 12 and further analyzed for sperm morphology and acrosome morphology.
2
Phase effects for semen production and quality; abc Columns with different letters are different
(P ≤ 0.05); xy Columns with different letters tend to differ (P ≤ 0.10)
Production
Volume, mL
Concentration, x 109 sperm/mL
Total Sperm, x 109 sperm
Total Motile Sperm, x 109 sperm

Phase 1
223.3a
0.447a
94.8a
86.7a

Phase 2
228.4a
0.426b
92.1a
82.8b

Phase 3
240.2b
0.439ab
100.0b
87.1a

SE
5.4
0.012
2
2

P Value
< 0.001
0.014
< 0.001
0.001

Motility
Total Motility, %
Progressive Motility, %

Phase 1
91.8a
66.0xy

Phase 2
90.5b
65.8x

Phase 3
88.1c
67.4y

SE
0.7
1.2

Phase
< 0.001
0.091

Morphology
Normal, %
Proximal Droplets, %
Distal Droplets, %
Distal Mid-Piece Retroflection, %
Tail Abnormalities, %
Normal Acrosome, %

Week 2
76.2a
6.7a
8.3a
6.1a
2.7
94.9a

Week 6
70.1b
7.9a
11.6b
7.6ab
2.9
91.3b

Week 12
63.0c
10.5b
15.5c
8.3b
2.8
92.5b

SE
2.2
1.5
1.3
1.3
0.5
0.6

Week
< 0.001
0.002
< 0.001
0.065
0.786
< 0.001

4.1a

7.1a

11.9b

1.7

0.005

Discard Rate, %
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Figure 4.1 Comparison of daily ambient high temperature with internal barn high
temperatures during the summer months in a commercial boar stud in Ohio
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Day 1 of the study corresponds with May 15, 2017 and day 92 corresponds with August 14,
2017. Statistical analysis of daily high internal barn temperatures revealed three phases with
similar temperatures, where phase 1 (day 1-27), phase 2 (day 28-76), and phase 3 (day 77-95).
Phases 1 and 3 had a lower average daily high temperature than phase 2 (P ≤ 0.004) and were
similar to eachother (P = 0.800). abDiffering letters are different (P ≤ 0.05)
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Figure 4.2 Effect of genetic line by phase by diet on total sperm production
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). The summer was split into three phases based on internal
temperatures in Figure 4.1. There was a three-way interaction for total sperm production (P =
0.003), where H boars fed VC had a reduced total sperm production in phase 2 compared to HVC in phase 1, H CDE in phase 3, T-VC in phase 2, and T-VC in phase 3 (P ≤ 0.049). ab Bars
with different letters are different (P ≤ 0.05).
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Figure 4.3 Effect of genetic line by phase by diet on sperm total motility
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). The summer was split into three phases based on internal
temperatures in Figure 4.1. A three-way interaction of genetic line, phase, and diet was observed
for total motility (P = 0.009), where H-CDE in phase 3 was similar to H-CNT in phase 3 (P =
0.793), but lower than all other combinations (P ≤ 0.048) and H-CNT in phase 3 was lower than
H-CNT in phase 1 (P = 0.001). abc Bars with different letters are different (P ≤ 0.05).
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Figure 4.4 Effect of genetic line by phase by diet on total motile sperm
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). The summer was split into three phases based on internal
temperatures in Figure 4.1. There was a genetic line by phase by diet effect for total motile
sperm production (P = 0. 009), where H-VC in phase 2 was lower than H-VC in phase 1 (P =
0.006). ab Bars with different letters are different (P ≤ 0.05).
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Figure 4.5 Effect of genetic line by phase by diet on percentage of morphologically normal
sperm 120
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). Semen was analyzed for morphology analysis at weeks 2, 6 and
12 of the study. A three-way interaction of genetic line by phase by diet was observed for percent
normal morphology (P = 0.003), where H-CDE at week 12 was different than H-CDE at week 2,
T-VC at week 2, and T-VC at week 6 (P ≤ 0.023), and H-VD at week 12 was less than T-VC at
week 2 (P = 0.037). abc Bars with different letters are different (P ≤ 0.05).
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Figure 4.6 Effect of genetic line by week by diet on the incidence of distal droplets on
sperm
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). Semen was analyzed for morphology analysis at weeks 2, 6 and
12 of the study. A three-way interaction of genetic line by week by diet was observed for percent
distal droplets (P = 0.040), where H-CDE was lower at week 2 than H-CDE at week 6 or 12 (P ≤
0.013). ab Bars with different letters are different (P ≤ 0.05).
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Figure 4.7 Effect of genetic line by week by diet on distal mid-piece retroflection
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). Semen was analyzed for morphology analysis at weeks 2, 6 and
12 of the study. A three-way interaction effect of genetic line by week by diet for incidence of
distal mid-piece retroflections was observed (P = 0.001), however no significant differences
were detected in the pairwise comparisons. xyDiffering bars tend to differ (P ≤ 0.10)
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Figure 4.8 Effect of week by diet on percentage of normal acrosomes
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Semen was collected and analyzed on a commercial boar stud from two genetic lines of boars
(heat sensitive, H; terminal, T) during the summer months. Boar were fed a commercial boar diet
and received one of five top-dresses that contained wheat middlings (control, CNT), or wheat
middlings plus vitamin C (VC), 25-hydroxy vitamin D (VD), vitamin E (VE), or a combination
of vitamins C, D, and E (CDE). Semen was analyzed for morphology analysis at weeks 2, 6 and
12 of the study. An interaction effect of week by diet was observed (P = 0.010), where CNT at
week 6 was reduced compared to CNT, VD, VE, and CDE at week 2, and CNT at week 12 (P ≤
0.029). ab Bars with different letters are different (P ≤ 0.05).
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CONCLUSIONS

Heat stress have been shown to be detrimental to reproductive function in boars
and the effects of IUHS are becoming more apparent. This dissertation has demonstrated that
IUHS can have permanent effects on sperm production in boars. This has been clearly
demonstrated in Chapter 2 of this dissertation. However, it remains unclear if IUHS boars attain
puberty earlier or later than IUTN boars. The studies presented in Chapter 2 did not address this
in its entirety and future studies are warranted in this regard. To accomplish this, semen
collection training must be conducted much sooner (at least 20 weeks of age or earlier) and
serum analysis for testosterone concentration should be evaluated frequently, due to the pulsatile
manner of testosterone secretions. Additionally, further evaluation of libido should be conducted
on top of the 5-point scale used in Chapter 2. Latency to mount the dummy and for collection,
number of mounts, and duration of semen collection should be recorded to better analyze libido.
These adjustments will allow for a more in-depth description of the impact of IUHS on
attainment of puberty and libido. Additionally, more work should be conducted on the
differential response of IUHS and IUTN boars to postnatal challenge. The study in Chapter 2
subjected the boars to a mild heat stress that had a step-up nature. This step-up in temperature
may have allowed the boars to acclimatize to the stress and may have suppressed some of these
differences. Further research should investigate this in a controlled setting where temperature
and humidity can be controlled.
Mitigation strategies are crucial at preventing the detrimental effects of HS on boar
reproduction. The use of betaine has been shown to improve boar reproduction, however, in the
study presented in Chapter 3, it had little impact. Phytase has been shown to improve boar
reproduction, but similarly to betaine, appeared to have little impact in the study presented in
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Chapter 3. As with the IUHS study present in Chapter 2, the HS utilized was mild and may have
allowed the boars to acclimatize to the stress. Future research should be conducted in a
controlled setting, where temperature and humidity can be better controlled. While the results of
the present study did not indicate a strong positive effect, the results of other researchers suggest
these products deserve further investigation. The use of supplemental vitamins C, D and E have
been shown to be beneficial for boar reproduction, however, the study presented in Chapter 4
yielded no added benefit. Vitamins C and E have been heavily researched, and it is likely that
their concentrations in standard boar diets are at a threshold level, where the addition of more has
no impact. Vitamin D has only recently been shown to improve boar reproduction and thus more
work is required to determine the optimal dosage. Future research should focus on the use of
vitamin D on improving boar reproduction. Nutritional mitigation of heat stress does not appear
to be efficient compared to other strategies, like cooling pads. However, the heat stress in
Chapter 3 had a reduced humidity and the cool-cell ventilation system utilized in Chapter 4
significantly reduced the barn temperature, which resulted in very mild heat stress. The study in
Chapter 4 suggests that the reduced summertime performance in boars may not be directly
related to heat stress, but instead may be due to other seasonal causes. It was also suggested that
the upper critical temperature may be different than previously thought due to the years of
genetic selection for lean, efficient growth. Future studies should investigate the possible
seasonal changes in boar reproduction that are not temperature dependent, as well as the upper
and lower critical temperatures of modern day boars. Emphasis should be placed on both upper
and lower critical temperatures, as little research has been conducted on the lower critical
temperature. Overall, the studies presented in this dissertation further confirm the negative
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impacts of heat stress on the swine industry and have eluded new areas that warrant further
investigation.

